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Melt glass formed from the explosion of a nuclear device is a unique post-detonation material that 
can aid in the ensuing forensics investigation. Trapped in the melt glass are chemical and isotopic 
signatures that can provide diagnostic and source information about the weapon by comparison with 
documentation of previous detonations. A nuclear terrorist attack would likely take place in an urban 
environment and as such, the melt glass formed would consist of a complex matrix including urban 
materials like cement and glass, activation products from the large neutron flux that will be seen, and 
fission products from the detonation. The preparation and study of a synthetic urban melt glass can aid in 
the understanding and analysis of real-world samples by being able to properly devise analysis protocols. 
In this dissertation, synthetic melt glass and synthetic urban melt glass are prepared. Each melt glass 
matrix is studied for its interactions with iron and uranium species. Elements that are of interest as 
forensics markers that can be doped into a synthetic urban melt glass are investigated for their extraction 
characteristics on TRU resin. As many radiochemical analysis methods require a sample to be in solution, 
dissolution methods for synthetic urban melt glass are also studied.  
 A silicon dioxide-based synthetic melt glass matrix modeled on the standard reference material 
SRM612 is synthesized. Based upon studies of the debris analyzed in the wake of the collapse of the 
World Trade Center, a synthetic urban melt glass is manufactured with a 1:1 mass ratio of glass and 
cement. The synthetic glass matrices are created in both monolith and pellet form. The interactions of iron 
and uranium species with synthetic melt glass and synthetic urban melt glass are studied with diffusion 
couples in oxidizing, inert, and reducing atmospheric conditions over a range of temperatures. The 
species Fe, FeO, Fe3O4, Fe2O3, U, UO2, UO3, and U3O8 are studied to understand how initial speciation of 
elements can impact the melt glass product. Both the atmosphere and the iron or uranium species has an 
impact on the reactions with the synthetic melt glass matrices. For some of the interfaces and conditions 
studied, activation energies of the iron or uranium diffusion into the glass matrix are determined. The 
formation of fayalite, Fe2SiO4, and a uranium-silicate species by chemical reaction leads to the 
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appearance of non-Arrhenius diffusion behavior from reaction fronts that prevent activation energies from 
being determined for all conditions, studies with larger temperature ranges would make it possible to 
exclude these outliers.  
 The adsorption characteristics of gold, iridium, platinum, and tungsten on the extraction 
chromatography TRU resin, hydrochloric and nitric acid are examined. These elements are of interest for 
their incorporation in synthetic melt glass to order to study and separate gold, iridium, and tungsten, from 
their respective (n, p) activation products platinum, osmium, and tantalum. In the conditions studied, only 
gold and tungsten exhibited any significant sorption to TRU resin. Separation schemes of these elements 
are possible with a TRU column, adjusting the matrix to elute one element at a time. 
 The complex matrix of synthetic urban melt glass will inhibit traditional dissolution methods like 
acid digestion. As such, microwave digestion, salt fusion, and sequential extraction are studied. 
Microwave digestion is observed to qualitatively dissolve synthetic urban melt glass in less than 2 hours. 
Sodium hydroxide-based salt fusion is capable of recovery up to 75 % of the activity in synthetic urban 
melt glass in 2 hours. A sequential extraction procedure targeting water-soluble, exchangeable, reducible 
oxide, acid-soluble, and residual fractions is performed on irradiated uranium dioxide doped synthetic 
melt glass. The majority of the activity is released with the dissolution of the glass matrix in the residual 
fraction. Each method studied shows promise for the dissolution of urban melt glass, decreasing 
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Chapter 1 Introduction 
This dissertation will investigate the synthesis and characterization of synthetic nuclear melt glass 
debris. Two debris matrices will be studied for their interactions with iron and uranium species using 
diffusion couples. The initial speciation of the iron and uranium species will be studied for their influence 
on melt glass formation upon cooling. Dissolution methods of synthetic urban melt glass will be considered 
in search of a rapid method that will provide the necessary forensic information for investigators.  
1.1 Background 
The threat of nuclear terrorism is an area of growing concern for national security. Passage of the 
Nuclear Forensics and Attribution Act in 2010 calls for the enactment of improved nuclear forensics 
capabilities, including exercises in the analysis of nuclear forensics materials1. This law mandates to create 
the ability to identify the nuclear material used in a terrorist attack. Developing and working with surrogate 
materials, like those that would be collected in the event of a nuclear terrorist attack, will give scientists 
and federal agents the tools needed to provide the technical forensic information necessary to attribute 




Figure 1 The Trinity test, July 16, 19452 and resulting trinitite 
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The detonation of the first atomic bomb during the Trinity test on July 16, 1945, melted the sand of the 
surrounding desert to form a green glassy material, further known as trinitite (Figure 1). After the test, a 
layer of silicate glass covered an area of about 2,000 feet in diameter originating from ground zero, forming 
an estimated amount of 17 × 108 grams of glass3. Following the test, trinitite provided a unique and 
accessible post-detonation material that could be used as a tool for nuclear forensics. Trapped in the melt 
glass are chemical and isotopic signatures that can provide source information for the weapon by 
comparison with documentation of previous tests3. 
With the ever-growing threat of nuclear terrorism, it must be considered that a nuclear terrorist attack 
would likely take place in an urban area with a large population4. In such an event, nuclear forensics teams 
would want to quickly determine the source of the material. The trinitite like material that would be formed 
from the heat of the blast would likely incorporate the building and other materials present at the location 
of the detonation and found in the debris. In this document, this material will be known as urban melt glass.  
Due to its complex matrix, urban melt glass is expected be much more difficult to dissolve and analyze 
than regular trinitite or melt glass.  Furthermore, the past efforts on melt glass evaluation focused on 
conditions unlikely to be found in an urban environment. The adaptability and usefulness of existing 
methods must be verified before their utilization in the aftermath of a terrorist attack. The nuclear forensics 
community is therefore in need of a surrogate urban melt glass so that methods for analysis can be created 
and verified for rapid analysis in the event of an emergency5. A multiagency workshop in 2009 found a 
critical shortage of certified reference materials for nuclear forensics5. Specifically, one of the areas most 
needed are simulated nuclear debris and actinide and fission product-doped environmental matrices. Post-
detonation material surrogates, such as urban melt glass, are of urgent need so that methodology that stands 
up to legal standards can be established for analyzing materials in a real-world scenario.  
The potential composition of urban melt glass can be gleaned from previous incidents involving urban 
materials exposed to high temperatures and pressures resulting from a detonation. In the aftermath of the 
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collapse of the World Trade Center on September 11, 2001, several studies were performed that analyzed 
the debris deposited by the attack. Characterization of the dust/smoke aerosol6 and the fine particulate 
matter7 concluded that up to 79% of the sample weight consisted of construction materials (cement, 
concrete, glass). Transition and heavy metals were found at very low levels, attributed to metal wiring, 
plumbing, structural steel, and computer equipment.  An environmental study by the United States 
Geological Survey analyzed dust deposits and found that the samples were heterogeneous and composed 
of glass fibers, gypsum, concrete, paper, window glass, and other construction and building materials8. 
To properly design, produce, and analyze a surrogate urban melt glass, the driving force behind the 
examination for nuclear forensics must be understood. The questions asked by nuclear forensics teams need 
to be considered when designing analysis protocols for urban melt glass. Additionally, it is important to 
consider what types of materials will be incorporated into melt glass in an urban area. The high temperatures 
encountered near the blast of a nuclear explosion will incorporate many materials into the melt glass. In 
addition to the urban materials that will be present in the blast area, fission products from the weapon, as 
well as activation products of urban materials will likely be incorporated into urban melt glass. The 
incorporation of such a large variety of constituents will make the matrix of urban melt glass highly 
complex. In addition, radioanalytical methods developed during the weapons testing era may not consider 
the range of compositions seen in urban environments. Many analytical methods for nuclear forensics will 
require samples to be in solution, making it important to achieve complete dissolution of urban melt glass 
as the first step of the procedure. The complex matrix must be considered when attempting dissolution. 
Aggressive methods of dissolution should be considered, including microwave digestion and salt fusions.  
 
1.2 Elements of Interest 




Table 1 Summary of urban area matrix model from Giminaro et al.9
Soil Layer Can be obtained from the United States Geological Survey for each city 
Infrastructural 
Layer 
Land use data in open-source literature to analyze structures and roads can give 
elemental composition taking into account pre and post-detonation heights of 
structures. It also includes cement. 
Vehicular Layer Varies mostly with types of vehicles (gasoline, hybrid, and diesel) and includes iron, 
steels, aluminum, plastics, rubber, glass, and fluids. 
 
The elements making up urban materials, including soil, building materials, vehicles, and more, 
will be incorporated into the resulting debris. Fission products from the weapon as well as activation 
products from the neutron bombardment are likely to be incorporated.  
1.2.1 Common Urban Materials 
In the aftermath of the attack on the World Trade Center, several groups analyzed the debris coating 
the city. A study by the United States Geological Survey found heterogeneous dust deposits consisting of 
glass fibers, gypsum wallboard, concrete, paper, window glass, and other construction materials. Asbestos 
was also found in a majority of the samples8. In addition to the building materials, soil and vehicle parts 
may be found in an urban debris mixture9. A 1:1 mixture of cement and soda lime generally describes the 
elemental concentrations of calcium and silicon found in the debris6,7.  
Cement plays a key role in the modern world as a major component of construction. While widely used, 
its chemistry is not well established. Cement, along with water and aggregates, form concrete. The 
chemistry of cement is driven by the tricalcium and dicalcium silicates that are the major components of 
most cement. Hydration of cement takes place at room temperature and is an exothermic process that allows 
the material to solidify after a few hours10. The formation of a solid is due to the hydration kinetics of 
calcium silicates. While there are many variations of cement used around the world, the most common is 
Portland cement. Portland cement consists of 45-75% tricalcium silicate, 7-32% dicalcium silicate, up to 
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13% tricalcium aluminate, up to 18% tetracalcium aluminoferrite, and 2-10% gypsum. In this research, 
Quikrete concrete mix was used as the Portland cement material. 
Soda lime glass is the most common type of glass used in buildings. Soda lime consists of 75.2% silicon 
dioxide, 11.2% calcium carbonate, and 13.7% sodium carbonate. During the heating of soda lime to form 
glass, there is some amount of product loss due to the decomposition of carbonates.  
As previously mentioned, a 1:1 mixture of cement and powdered soda lime is selected as a starting 
point for the matrix of synthetic urban melt glass. As the behavior of this basic matrix becomes better 
understood, additional components such as asphalt, gypsum, and iron will be added to better represent true 
urban melt glass.  
1.2.2 Fission Products 
 Fission is the splitting of a heavy nucleus into two lighter nuclei. Fission can occur either 
spontaneously as a natural decay process, or be induced through the absorption of a particle such as a 
neutron.  Fission occurs when a nucleus is heavy and unstable to create more energetically favorable nuclei. 
While fission is an extremely effective mode for stabilizing nuclei, spontaneous fission is quite rare and 
does not become a prevalent decay process until A s than 250 may undergo 
fission by absorbing enough energy to surpass the activation energy of the fission reaction11. 
 A simplification of the fission process can be described as is seen in Equation 1. 
  1 
 Fission products Y and Z with masses B and A-B-n are produced, and x represents the number of 
neutrons (n) released for each fission event; the average number being 2.5. The fission products resulting 
from asymmetric fission follow a double-humped mass distribution depending on the isotope undergoing 
fission, seen in Figure 2. The shape of this mass distribution is governed by doubly magic 132Sn; 50 protons 
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and 82 neutrons.   The heavier fraction seen in Figure 2 is the result of fission product nuclei formed with 
remaining available mass, usually with atomic masses between 85 and 105.  
 
  
Figure 2 Mass distribution of fission fragments from thermal fission of 233U, 235U, 239Pu12 
 
The percentages in Figure 2 represent the fission yields of a given mass number from the fission of 
233U, 235U, 239Pu, and a mixture of 65% U and 35% Pu. The ratios of fission products found in the aftermath 
of the explosion of a nuclear weapon can be compared to known distributions of fission products to 
determine the composition of the weapon that underwent fission. As a result, the analysis of fission products 
incorporated into an urban melt glass can provide useful information about the original fissile material. 
Selected fission products could potentially be added directly to a simulated urban melt glass. Alternatively, 
natural or enriched uranium could be included in the sample, which will then be irradiated to induce fission, 




 In the event of a nuclear explosion, the environment near the device will be filled with a large flux 
of neutrons. Neutrons are not charged particles and therefore do not interact like other particles through 
Coulombic interactions. Neutrons can undergo many collisions to slow the particle (moderation) or to be 
terminated with a single reaction (capture or absorption). The probability of a neutron being captured 
increases at lower kinetic energies. The cross-
with a single target atom and is a function of the energy of the neutron. Data of the cross-sections for many 
isotopes are documented.  
 When a neutron is absorbed by a material, an activat
Additional neutron reactions are also possible, including fission and multiple neutron emission. The activity 
of the activation product Ap, along with the cross-section, the initial amount of material, N0, decay constant, 
p, of the activation product, and the irradiation time, t, can be used to determine the flux, , of neutrons 
present. This is illustrated in Equation 211.   
  2 
For nuclear forensics, the absorption of a neutron by an actinide, common urban material, or a 
fission product can occur. Isolating activation products is of interest to the nuclear  community.  
For certain isotopes, this may be challenging due to the chemical similarity of products and matrices in 
samples. The analysis of activation products can help attribute neutronic signatures. Certain activation 
product isotopes can be useful in evaluating the neutron flux and energies.  
A common example of a useful activation product is gold. Stable gold has only one isotope, 197Au. 
Neutron irradiation of gold produces 198Au, which undergoes beta minus decay with a 411 keV gamma at 
98% yield. This decay scheme is seen in Figure 3. The high gamma yield of this decay mode makes gold a 




Figure 3 Decay scheme of 197Au 
 
1.3 Post Detonation Nuclear Forensics 
The primary goal of nuclear forensics analysis is to determine the characteristics of a radioactive 
sample13. A number of questions are important to answer. What is it? Where did it come from? How did it 
get there? Who is involved? Nuclear forensics is a broad multidisciplinary field including not only 
scientists but many levels of government and law enforcement14.  
Law enforcement agencies are likely to be the driving force of a nuclear forensics investigation. The 
outcome of such an investigation could result in legal prosecution or even military retaliation. It is 
therefore important to follow evidentiary regulations while handling the material. This includes keeping a 
careful chain of custody, avoiding contamination of samples, performing cross-calibration of equipment, 
and an independent review of the methods14. Samples must be handled with great care to prevent the loss 
of any forensic indications. This includes information beyond that of what would normally be studied in a 
radioactive sample, such as trace evidence including hair, pollen, explosive residue, and DNA13. The 
stable materials that construct the weapon are also of importance to attribution4. 
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Nuclear forensics analysis can be broken into two scenarios: pre-detonation and post-detonation. Pre-
detonation forensics focuses on the analysis of interdicted materials or signals indicating the possibility of 
a nuclear event. Questions asked in a pre-detonation situation include who is involved, where are they 
from, where is the material from, and more. More importantly, it is important to know if the actors are 
part of a larger group, if more material has been compromised, and if an attack of any sort is imminent.  
Post-detonation forensics involves the investigation following the detonation of either a fission explosive 
(nuclear device), a two-stage nuclear explosive (thermonuclear device), or a radiological dispersal device 
(RDD). Post-detonation nuclear forensics asks all the same questions probed in a pre-detonation scenario 
and then more. For example, the size and composition of the weapon and the health hazards for citizens in 
the blast area are of great importance and if further attack is of concern, where is it likely to occur? 
The examination of debris from a nuclear explosive will be a primary tool for determining the source 
and function of a device. Fission products can be quantified and compared to the amount of unconsumed 
fuel to measure the efficiency of the device; a high efficiency will suggest sophistication in design and is 
thus an indication that the weapon was taken from a nuclear state.13 A more sophisticated design is also 
suggested when there is a mixture of nuclear fuels. The presence of trans-actinides also indicates that 
boosting was used in the weapon.13 The device and isotopic composition of the debris can be coupled 
with weapons laboratories explosion codes to determine the pre-explosion isotopic composition of the 
weapon.13 Each nuclear fuel has a distinct fission product distribution that can be determined from the 
analysis of debris. The presence of activation products within the debris can be used to determine the 
neutron flux of the event. All of this information will be coupled with traditional forensics methods to 
determine as much as possible about the source of the device13.  
Many destructive and non-destructive techniques can be used in nuclear forensics. These evaluations 
can provide information on forensic signatures in the material. Isotopic information can be gained from 
techniques including alpha spectrometry, beta spectrometry, gamma spectrometry, and several variations 
on mass spectrometry. Elemental composition can be determined through inductively coupled plasma 
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mass spectrometry, inductively coupled plasma optical emission spectrometry, x-ray fluorescence, 
scanning electron microscopy, electron microprobe analysis, and many chemical separation techniques 
which require samples to be in solution. Information about organic species can be gained through gas-
chromatography mass spectrometry. Structural and physical characteristics can be investigated through 
optical microscopy, scanning electron microscopy, transmission electron microscopy, x-ray diffraction, 
and neutron/x-ray radiography13.   
By investigating post-detonation debris using nuclear forensics techniques described above, critical 
information about the device can be determined. Synthetic materials give scientists a chance to develop 
methods for nuclear forensics before an event. This research will explore methods of dissolution 
including sequential extraction and fusion techniques for synthetic melt glass, as well as investigate how 
the final composition of collected melt glass can be impacted by the initial speciation and source. 
Interactions between iron and uranium species and synthetic melt glass will also be studied.  
 
1.4 Review of Synthetic Melt Glass Studies 
Recent interest in the production and study of surrogate/synthetic melt glass has led to efforts by 
several universities and national laboratories to produce synthetic glass. Several studies use silica and 
oxide mixtures with traditional heating methods, sometimes incorporating quenching methods to produce 
a glass. Polymerization methods and the use of CO2 lasers are also used to produce surrogate glass 
materials. Some methods include the incorporation of uranium and the addition of an irradiation step to 
induce fission. While several studies have synthesized silica-based melt glass, none have produced melt 
glass incorporated with urban materials. Studies have characterized trinitite glasses, but none have 
investigated the influence of starting materials and conditions on the final speciation and interactions 
within then glass. A summary of some of these studies is presented here.  
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Harvey et al. used irregular and spherical controlled-pore glasses and core-shell silica as substrates for 
the loading of 18 metals of interest. The materials are prepared by filling the substrates with an aqueous 
load solution containing the metals, removing the water with low heat, followed by heating the material to 
600-800 °C for up to 72 hours to form intractable forms of the loaded metals. Metals are found to be 
distributed homogeneously, in the pores as well as on the surface of the material15.  
Liezers et al. used CO2 lasers to heat and fuse a variety of common structural materials and SRM-612 
(trace elements in glass) to form glass beads on the 0.1 g scale. This method has the advantage of rapid 
fusion times but is limited by the amount of material that can be produced. Elements between Ga and Rb, 
as well as Mo and Cs on the periodic table, showed losses in the final product due to volatilization, while 
Sr-Nb and Ba-Ho showed robust incorporation into the matrix16. A follow-up study by Liezers, Carmen, 
and Eiden incorporated isotopically altered xenon into the surrogate debris using the same CO2 laser 
method. Xenon and krypton are commonly used to look at isotopic ratios in nuclear forensics, as a large 
number of stable isotopes of these elements are produced as fission products. Gas trapping of xenon 
enriched in 129Xe, that is noticeably different from atmospheric composition, shows that it is possible to 
add gases and volatile elements to surrogate glass using this method. The amount of xenon absorbed 
during production is not well quantified and requires further study, but is believed to be more than 
adequate17.  
Carney et al. synthesized a glass representative of fallout using a solution-based polymerization of 
tetraethyl orthosilicate. Uranium is incorporated during the polymerization of the glass-like product. The 
glass is then irradiated for two hours using thermal neutrons to induce fission within the glass. The 
resulting glass is heated to approximately 1000 °C. This method yields a relatively homogenous melt 
glass with little variation in the uranium content. Fission products are obtained with a low yield due to the 
short irradiation time, and only isotopes with high specific activities can be seen. However, fission 
product ratios did not match those expected for fission yield due to fractionation during the distillation18.  
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Molgaard et al. produced a synthetic material similar to trinitite. This is accomplished by placing an 
oxide mixture (SiO2, CaO, Na2O, Al2O3, KOH, MgO) in a graphite crucible in a furnace capable of 
temperatures up to 1800 °C. Upon melting of the sample, the crucible is removed from the furnace and 
quenched at room temperature by pouring the molten sample onto a layer of cool quartz sand. 
Characterization of this material shows many similarities to trinitite, including a large degree of 
heterogeneity, and similar chemical, physical, and morphological properties19.  
Cook et al. irradiated synthetic melt glass prepared by following the method described by Molgaard 
and doped with natural uranium.  The material was irradiated using the High-Flux Isotope Reactor at Oak 
Ridge National Laboratory to compare the gamma spectra from the synthetic material with that from 
trinitite. Signatures from both fission products as well as from neutron activation products of interest were 
easily found in the synthetic glass spectra. Direct comparisons to trinitite are complicated, however, due 
to the differences in irradiation as well as the loss of short-lived products. A larger amount of fissionable 
material, as well as longer irradiation times, can be implemented to make more accurate comparisons20.  
Finally, Giminaro et al. provided compositional planning for the incorporation of urban materials into 
a synthetic melt glass. This model includes three components that would make up an urban area: a soil 
layer, an infrastructural layer, and a vehicular layer. Synthetic urban matrices were for Houston, TX and 
New York City, NY, and the method can be used to create materials representing other areas that could be 
targets of nuclear weapons attacks by choosing a detonation site and factoring in geographical 
compositions, infrastructures, and vehicular concentration with the yield of weapon and fuel compoenets9. 
 
1.5 Goals and Objectives  
The purpose of the proposed work is to identify the influence of the starting conditions on the final 
speciation of debris from a nuclear event. Radionuclides of interest, uranium and plutonium, will interact 
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with the surrounding matrix in the high-temperature vapor phase; upon cooling the uranium and 
plutonium will condense with debris and water. This cooling stage will be the primary focus of the 
project, looking at the speciation of uranium and plutonium after interaction with the debris matrix and 
water vapor.  
Two debris matrices will be considered. A glass mixture, based on the former materials of SRM 612, 
resembling soda-lime glass consisting of 72% SiO2, 14% Na2O, 12% CaO, and 2% Al2O3 will represent 
common building glass. An urban matrix consisting of a 1:1 mixture of SRM 612 former and concrete 
will also be examined. The synthetic debris matrices are described in Table 2. The two debris matrices 
will be analyzed upon the introduction of iron and uranium in differing species and oxidation states. 
Time, temperature, and atmosphere will be systematically varied for the synthesis of synthetic debris to 
determine their effect on final speciation and the conditions experienced during the formation of actual 
debris. Diffusion couples will be performed to evaluate the interactions between the materials of interest 
under systematically varied conditions. Diffusion couples were chosen for their ability to predict 
behaviors between materials that may be incorporated into the melt glass and the glass matrix. By 
contacting synthetic melt glass matrices with varying starting species, the level of interaction and mixing 
for a given initial speciation can be determined. This work can then be coupled with studies on the mixing 
and heterogeneity that is observed in melt glass samples21. Monoliths of synthetic debris will be produced 
to investigate the influence of conditions on formation and speciation in debris. Finally, a rapid method 
for the dissolution of the complex debris will be determined. Spectroscopic, radiochemical, and 





Table 2 Descriptions of Synthetic Debris Matrices
Debris Matrix Description and Preparation 
Synthetic Melt 
Glass 
Based on SRM 612 without trace elements: 
72% SiO2, 14%  Na2O, 12% CaO, 2% Al2O3 




1:1 Synthetic Melt Glass and Cement by Mass 
Cement made from Quikrete Portland Cement hardened with water and ground to a 
fine powder. Cement and synthetic melt glass mixed in equal parts using a vortex. 
  
This dissertation will consist of six chapters. The first chapter has provided the background 
information for the project and outlined the goals and objectives. Chapter 2, Instrumentation and 
Methods, will discuss the preparation of synthetic debris matrices, dissolution methods, and preparation 
of diffusion couples, as well as provide information on the instrumentation used to analyze samples. 
Chapter 3, Interactions of Iron Species with Synthetic Melt Glass and Synthetic Urban Melt Glass , will 
analyze diffusion couples between the synthetic debris matrices and iron species in varying temperatures 
and atmospheres. Chapter 4, Interactions of Uranium Species with Synthetic Melt Glass and Synthetic 
Urban Melt Glass , will analyze diffusion couples between uranium species and the synthetic debris 
matrices in varying temperatures and atmospheres. Chapter 5, Dissolution of Synthetic Melt Glass , will 
compare dissolution methods including acid digestion, microwave digestion, salt fusions, and sequential 
extractions. Chapter 
 will discuss the sorption studies of elements expected to be found in dissolved melt glass to 




Chapter 2 Instrumentation and Methods 
This research identifies the influence of the starting conditions on the final speciation of debris from a 
nuclear event. This was accomplished by producing debris while systematically varying key synthesis 
conditions: time, temperature, and atmospheres. Two debris matrices were considered. A glass mixture, 
based on the former materials of SRM 612, consisting of 72% SiO2, 14% Na2O, 12% CaO, and 2% Al2O3, 
represented common building glass. An urban matrix consisting of a 1:1 mass ratio of SRM 612 former and 
concrete was also examined. The debris matrices being considered are described in Table 2. The two debris 
matrices were analyzed upon the introduction of iron and uranium in differing species and oxidation states. 
Diffusion couple heat treatments were performed to evaluate the interactions between the materials of 
interest under systematically varied conditions. A rapid method for the dissolution of urban debris 
monoliths was considered. Spectroscopic, radiochemical, and microscopic techniques will be utilized for 
analysis.  
Table 3 Methods Considered in Chapter 2 
Diffusion 
Couples 








2.1 Preparation of Glass Matrices  
Two debris matrices were considered in this work. The glass matrix was based on the major element 
composition of Standard Reference Material 612 (see Table 2). To obtain a final composition of 72% 
SiO2, 14% Na2O, 12% CaO, and 2% Al2O3, reagent materials obtained from Sigma Aldrich in ratios of 
72% SiO2, 23.9 % Na2CO3, 12% CaO, and 2% Al2O3 were mixed (Figure 4a top) and pretreated to evolve 
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carbonates and reduce the amount of bubbles in subsequent uses. A pretreatment step was performed in a 
platinum crucible using an MTI GSL-1800S60 tube furnace with flowing argon at 1400 °C for 8 hours. 
The resulting product is a clear glassy solid (Figure 4b) that is removed from the crucible and ground to a 






Figure 4 a) Glass former based on SRM 612 before heat-treatment (top) and after heat-treatment and pulverization 
(bottom), b) Glassy solid produced by heat-treatment of glass former 
 
The synthetic urban melt glass consisted of a 1:1 mass ratio of synthetic melt glass and cement. The 
synthetic melt glass was prepared as described above in Section 2.1. The cement was prepared by adding 
water to Quickrete Portland cement. After hardening, the cement was ground using a mortar and pestle, 
the ground cement is shown in Figure 5a. The cement and the synthetic melt glass were mixed in equal 







Figure 5 a) Hardened and ground Quickrete Portland Cement b) synthetic urban melt glass mix, 1:1 mass ratio synthetic 
melt glass and ground Quickrete Portland cement 
 
2.2 Monolith Production 
Synthetic melt glass production was simulated in the laboratory using an MTI GSL-1800S60 tube 
furnace with a maximum available temperature of 1800 °C, well beyond the melting temperatures of most 
materials of interest. The materials being incorporated into a piece of urban melt glass were weighed into 
a scintillation vial and a vortex mixer was used to thoroughly blend the materials. These materials were 
added to a Pt-Au crucible along 4 M nitric acid. Additional solutions that may be used include tracers, 
metal standards, or dissolved irradiated foils. A small exothermic reaction occurs upon the addition of the 
acid. Once the components were mixed, the Pt-Au crucible was placed in a larger alumina crucible with a 
lid that was slid to the center of the tube in the furnace. The furnace runs a heating profile (Figure 6), 
while argon is passed through the tube in the oven. The furnace is initially heated to 150 °C to warm up 
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and is then heated at a rate of 5 °C per minute from 150 °C to 1500 °C, where it is held for 300 minutes. 
The heating element is then turned off and allowed to cool to ambient temperature. 
 
  
Figure 6 Synthetic melt glass heating profile 
 
Upon completion of the heating profile, the crucibles were removed from the furnace. The simulated 
urban melt glass (Figure 7) can be removed by flexing the Pt-Au crucible. The color of the material will 


























Figure 7 Synthetic urban melt glass monolith produced at UNLV 
 
2.3 Microwave Digestion 
Microwave digestion is often used to dissolve heavy metals by heating acid mixtures in a closed 
vessel while increasing the temperature and pressure using microwave radiation. By heating acid-sample 
mixtures with an oscillating magnetic field, the sample is rapidly and efficiently dissolved22. To prepare 
samples for microwave digestion, monolith samples were ground using a ball mill to increase the surface 
area of the samples. The samples were placed in a pressure vessel with 10 mL concentrated HNO3, 5 mL 
concentrated HF, and 2 mL concentrated HCl. The closed vessel digestion was then run according to the 
program in Table 4. No additional processing of samples occurred after the microwave digestion; 
however, the sample could be diluted with water or the chemical matrix could be converted.  
 
Table 4 Microwave Digestion Program 
Time (min) Temperature (°C) Pressure (bar) 
10 180 15 
60 180 15 
10 50 1 
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2.4 Salt Fusion Dissolution 
Salt fusions heat a small amount of sample with a salt flux to dissolve samples that are difficult to 
dissolve in acids. Heating the sample above the melting point of the salt induces chemical reactions that 
produce new species that are more soluble without the use of hazardous chemicals or special equipment. 
Salt fusion of synthetic melt glass and synthetic urban melt glass is based on the literature23,24 of sodium 
hydroxide fusion methods. The addition of sodium peroxide was added to increase the dissolution of 
refractory materials25. A Wig-L-Bug® grinding mill was used to pulverize monoliths of synthetic melt 
glass. A 1:10 ratio of synthetic melt glass and sodium hydroxide was added into a zirconium crucible. In 
cases where sodium peroxide was added as an oxidant, a 1:5:10 ratio of synthetic melt glass, sodium 
peroxide, and sodium hydroxide was added to the zirconium crucible. The crucible was placed into a box 
furnace at 600 °C for fusions without, and 700 °C for fusions with sodium peroxide for 40 minutes or 
until the salt flux was dissolved. Water was added to dissolve the fusion cake. In more extreme instances, 
acid was also added to dissolve the fusion cake.  
 
2.5 Sequential Extraction 
2 ith fast neutrons. 
Samples were irradiated using Flattop, a fast-spectrum critical assembly, at the Device Assembly Facility 
(DAF) at the Nevada National Security Site (NNSS).   
Upon receipt of samples after irradiation, the blank synthetic melt glass and UO2 doped synthetic melt 
glass were separated into plastic scintillation vials. The samples were each counted for 1 hour 
immediately after delivery late in the afternoon. The following morning each sample was recounted to 
obtain a decay count. The two samples were alternated between 1-hour counts on a BEGe detector and 1-
hour contact with the desired extraction reagent. As an example, while the blank synthetic melt glass was 
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counting, the UO2 doped synthetic melt glass was contacted with 5 mL DI H2O for 1 hour while gently 
shaking on a shaker table. The liquid was then decanted from the UO2 doped synthetic melt glass into a 
scintillation vial and counted on the BEGe detector. The process was then repeated with the blank 
synthetic melt glass. The extraction was continued in the same fashion with the reagents listed in Table 5. 
 
Table 5 Extracting reagents and targets 
Extracting Reagent Concentration Target 
Water (H2O) 55.5 M 
 
Water Soluble 
Magnesium Chloride (MgCl2) 0.1 M 
 
Exchangeable 
Hydroxylamine (NH2OH) 0.1 M in 25% Acetic Acid Reducible Oxides 
Nitric Acid (HNO3) 4 M 
 
Acid Soluble 




2.6 Preparation of Oxide Pellets 
Synthetic melt glass and synthetic urban melt glass were pressed into pellets for use in diffusion 
couples. Synthetic melt glass pellets measuring 0.07 g and synthetic urban melt glass pellets measuring 
0.10 g were made by adding the appropriate mass of the powder to a 6 mm steel die and cold pressing 
using an International Crystal Laboratories E-Z Press 12 Ton Hydraulic Laboratory Press for 10 minutes 
with a load of 2000 psi. The resulting pellets were then sintered at 670 °C using a Thermolyne 47900 box 
furnace with a Eurotherm 2416 controller for 2 hours.  
To prepare the iron and uranium oxide pellets an appropriate amount of the given oxide (Table 6) was 
added into glass scintillation vials with 10% by weight zinc stearate. The mixtures were then vortexed for 
30 seconds to mix thoroughly. Pellets were cold-pressed using an International Crystal Laboratories E-Z 
Press 12 Ton Hydraulic Laboratory Press in a 6 mm steel die for 10 minutes with a load of 2000 psi. 
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Depending on experimental conditions pellets were either sintered before use or used in their raw form as 
.  
Table 6 Masses of Oxide Pellets 
Oxide Powder Mass (g) 
Iron (II) oxide (FeO) 0.180 
Iron (II, III) oxide (Fe3O4) 0.180 
Iron (III) oxide (Fe2O3) 0.120 
Uranium (IV) oxide (UO2) 0.250 
Uranium (VI) oxide (UO3) 0.200 
Uranium (V,VI) oxide (U3O8) 0.200 
 
2.7 Diffusion Couples 
Diffusion couples aid in understanding atomic interactions between samples. This is achieved by 
placing samples in contact with another under light pressure and performing heating treatments. In these 
experiments, various species of iron and uranium were contacted with synthetic melt glass and synthetic 
urban melt glass to observe the interactions and trends between the samples. Iron metal, uranium metal, 
and three species of each iron oxide and uranium oxide were used to study different oxidation states of 
each metal. Diffusion couples were run for 1 week between temperatures of 650 °C and 750 °C in air, 
argon, and 5% hydrogen in argon. 
Metal samples were prepared for diffusion couples by cutting the desired metal into approximately 
1.5 mm-thick disks from a long rod and polishing to a 1-micrometer finish. Samples were polished using 
1200 grit sandpaper and 9, 3, and 1-micrometer water-based diamond polishing pads and fluid. Working 
down in particle size each face of the sample was polished using a figure-eight pattern for 2 minutes with 
a 90-degree rotation of the sample every 30 seconds. Upon completion of the polishing process, the 
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sample was cleaned with alcohol and immediately put into an argon glovebox to prevent oxidation, or 
used immediately in a sample.  
Iron-based diffusion couples were performed in a clamp with a small well for the sample stack that 
was tightened with a bolt. Tantalum foils were placed between the sample stack and the clamp on either 
side to prevent interaction. Tantalum foils were also placed between any samples where interaction is not 
desired. The sample clamp was tightened lightly and placed into a vacuum nipple assembly. The loaded 
sample stack in the clamp is shown in the left image of Figure 8. The nipple assembly was sealed in the 
desired atmosphere using a copper gasket. The nipple assembly was then placed into a box furnace for the 
appropriate duration and temperature of the heat treatment. After heat treatment, the sample was cooled to 
room temperature and removed carefully from the nipple assembly. The heat-treated sample stack is 
shown in the middle image of Figure 8. A small amount of crystal bond was melted onto the sample stack 
to keep the samples in contact and then the sample was mounted in an epoxy cup that cures overnight. 
The sample was then cut cross-sectionally and down to a manageable size using a Struers Minitom. The 
cross-sectional interface of the diffusion couple sample stack was then polished to a 1-micrometer finish 
using the procedure for polishing metal disks. After polishing, the sample was placed in a glovebox 
antechamber overnight to pull out any remaining polishing fluid trapped in the epoxy and cleaned 
thoroughly with alcohol, as shown in the right image in Figure 8. The sample was then ready for 




Figure 8 Iron diffusion couple, after 1-week heat treatment, mounted in epoxy cross-sectionally cut and 
polished 
 
Uranium diffusion couples could not be run in the standard clamp because the uranium oxide pellets 
crumble when the heat treatments were performed, and no diffusion interaction zones were able to be 
seen. To circumvent this problem, an enclosed well was manufactured in house, as described in Section 
2.7.1 for uranium diffusion couples, seen in the left image of Figure 9. Once the uranium diffusion couple 
chamber was produced and cleaned, the samples were placed into the sample well in the desired order. 
The loaded sample chamber is illustrated in the middle image of Figure 9. The insert was then placed onto 
the sample stack to apply light pressure during the heat treatment. The sample chamber was then placed 
into the nipple assembly in the desired atmosphere and sealed using a copper gasket. The nipple assembly 
was then placed into a box furnace for the appropriate duration and temperature of the heat treatment. 
After heat treatment, the sample was cooled to room temperature and removed carefully from the nipple 
assembly. The inserted lid was then removed and epoxy was added to the sample well to secure the 
sample stack. The diffusion couple chamber was then cut vertically down the center to expose the cross-
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sectional interface. The cross-sectional interface of the diffusion couple sample stack was then polished to 
a 1-micrometer finish using the procedure for polishing metal disks. After polishing, the sample was 
placed in a glovebox antechamber overnight to pull out any remaining polishing fluid trapped in the 
epoxy and cleaned thoroughly with alcohol. The sample was then ready for SEM/EDS analysis as seen in 
the right image of Figure 9.  
 
 
Figure 9 Uranium diffusion couple device, filled uranium diffusion couple device, and cut and polished 
uranium diffusion couple device 
 
2.7.1 Production of Uranium Diffusion Couple Chamber 
The uranium diffusion couple chambers were made from an A36 steel 1-inch rod. To fabricate the 
device, two processes were required, one for the creation of the chamber well that holds the sample 
pellets, and the other for the insert that traps the pellets within the chamber. First, the steel rod was 
clamped into a lathe and the outer diameter was brought down from 25 mm to 19 mm in 1.25 mm 
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increments using a facing tool. Additionally, the length of the piece was taken from 25 mm to 20 mm in 
0.5 mm increments. Following this, the central hole with which the samples were placed was created. 
First, a 4.76 mm pilot hole was drilled using the drill chuck on the end of the lathe. The central hole was 
drilled with a 7.9 mm drill bit to a depth of 14-17 mm. An end mill was used to flatten the preliminary 
cut. Following this, the chamber was cut from the rod using a horizontal band saw, then placed back into 
the lathe to face the bottom. The chamber is shown on the left of the schematic in Figure 10.  
 
Figure 10 Schematic of uranium diffusion couple chamber 
 
Next, the insert was created as seen on the right on the schematic shown in Figure 10. First, the 
diameter of the rod was brought from 25 mm to 19 mm using the facing tool on the lathe. Next, the insert 
was manufactured. An iterative method was applied to the fitting of this piece, constantly trimming down 
the diameter until the insert fit smoothly into the chamber. The total length of the insert was 14-17 mm, 
depending on the height of the sample stack. Following trimming, the piece was placed in the horizontal 
band saw to be cut. The cut edge was faced in the lathe to eliminate sharp corners. The final manufactured 




2.8.1 Scanning Electron Microscopy 
A JOEL JSM-5600 scanning electron microscope (SEM) fitted with secondary electron and 
backscatter electron detectors was used to evaluate the diffusion between interfaces and image diffusion 
couples. SEM provides images of the external morphology of a sample. To obtain an image using SEM, a 
focused beam of electrons strikes the surface of a solid sample. An advantage of using SEM is the variety 
of electron-sample interactions that can be used to form an image; backscattered, secondary, and Auger 
electrons are produced, along with x-ray fluorescence photons and other types of photons26. The SEM 
uses secondary and 
with magnifications of 35 to 5000 times. Images were collected using secondary and backscatter imaging. 
The SEM also has an energy-dispersive x-ray emission spectrometer (EDS) to perform elemental 
analysis using INCA mapping software from Oxford. To perform EDS an accelerating voltage of 15 kV, a 
working distance of 20 mm, and a spot size of 40 µm was used. X-ray energies in the keV range are 
detected and assigned to their respective elements K, L, and M shell electrons and quantified by atomic 
percent.  
Samples were prepared for SEM/EDS by polishing them to a 1 µm finish using sandpaper and water-
based diamond polishing suspension and cleaned with isopropanol. Non-conductive samples are 
susceptible to charging on the surface and were sputter-coated using a Denton Vacuum DV-502A carbon 
coater. Samples were mounted to the sample stage using double-sided carbon tape.  
Diffusion interfaces were analyzed using SEM/EDS. Each interface was examined in multiple areas 
along the interaction boundary. Element maps were taken for an average of 10 minutes for each area of 
interest in order to determine the elemental distribution. Quantitative line scans were taken in each area of 
interest to determine the diffusion depths of each studied element. Multiple quantitative line scans were 
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taken within each area of interest. Quantitative line scans were performed by hand drawing a straight line 
of points for EDS analysis across the interface, so that the atomic percent of each element of interest 
could be determined as a function of depth from the interface. A point was always placed at the interface 
of the samples. 
Error in the determined diffusion depths stems from the uncertainty in the location of the spectra 
taken. The accuracy of the beam position on the EDS is an instrument dependent parameter. It is affected 
by beam alignment and spot size. At very high magnification the instrument undergoes a shift on the 
order of 100 nanometers or 0.1 micrometers. The determination of the distance of each point from the 
interface is done with ImageJ by assigning a pixel per micrometer ratio and using the scale bar from the 
SEM image. As the magnification increases, each pixel represents a smaller area. For example, at 60 
times magnification, each pixel represents 3.4 micrometers but at 750 times magnification, each pixel 
represents 0.13 micrometers. Line scans were commonly performed between 200 and 300 times 
magnification, and the range of all measurements was from 60 to 750 times magnification, with a total 
average of 1.07 micrometers per pixel. The assigned diffusion depth could, therefore, be said to be plus or 
minus one pixel plus the drift in the instrument or 1.1 micrometers.  
2.8.2 Powder X-ray Diffractometer 
The identification of iron and uranium oxide compounds was done using a Bruker D8 Advance 
powder x-ray diffractometer. Powder XRD can be used to perform a quantitative phase analysis of 
crystalline material. X-rays are generated, monochromated, and directed toward the surface of the sample. 
Reflected x-rays are detected and the Bragg equation is used to determine lattice parameters and identify 
samples27. 




Samples were prepared for powder XRD using two methods. Raw powders were spread in a thin 
layer using acetone on a low-background single crystal silicon wafer sample holder. Other samples were 
analyzed as pellets that were mounted on clay in a concave sample holder. Bruker TOPAS was used to 
perform Rietveld structure refinement to evaluate the composition of each sample.  
2.8.3 Gamma Spectrometers 
Gamma detection can be used when analyzing simulated urban melt glass that contains radioactive 
isotopes. Two types of detectors were utilized for gamma spectroscopy, high purity germanium (HPGe) 
and sodium iodide (NaI) detectors.  HPGe detectors are semiconductor detectors with superior energy 
resolution and timing characteristics but can be expensive. Alternatively, NaI detectors are less expensive 
and remain a popular detector due to their excellent light yield and linearity28.  
2.8.3.1 High Purity Germanium Detectors 
Germanium detectors are often the preferred instrument of gamma-ray spectroscopy due to their 
excellent energy resolution, compact size, and fast timing characteristics28,29. Germanium detectors 
operate as semiconductor diode detectors in which the migration of electron-hole pairs create an electric 
signal30. Semiconductor detectors operate on the principle that a valence electron can gain enough thermal 
energy to be promoted to the conduction band, representing the excitation of an electron that is normally 
part of a covalent bond that can leave the bonding site and drift through the crystal. The excitation of an 
electron creates an electron in the normally empty conduction band, as well as a vacancy (or hole) in the 
normally full valence band. This is called an electron-hole pair and can be thought of as an analog to ion 
pairs in gases. Under an applied electric field the electrons and holes will move in opposite directions and 
their charges may be collected28.  
Even in high purity materials, impurities will be present in the germanium crystal. If the impurity is 
primarily pentavalent, it will be referred to as an N-type semiconductor with donor impurities. The dopant 
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will occupy a site in the crystal lattice, taking the place of a Ge atom. In this case, the dopant has five 
valence electrons and therefore one electron will be left after covalent bonds have been made with 
neighboring Ge atoms; this extra electron will be very loosely bound to the dopant site (which sits in the 
donor band) and very little energy will be required to promote it to the conduction band. In an N-type 
semiconductor, when the additional electron is promoted to the conduction band there is no corresponding 
hole left in the valence band and the donor atom becomes ionized. This increases the number of charge 
carriers and the electrical conductivity of the material. In this case, the electrons are considered the 
majority carriers, and the electrical conductivity is determined almost exclusively by the flow of 
electrons. Examples of n-type dopants include elements with 5 valence electrons such as antimony, 
arsenic, and phosphorus31. 
If the dopants present are primarily trivalent, the material is referred to as a P-type semiconductor 
with acceptor impurities. In this case, the dopant in the crystal lattice has one fewer valence electron than 
its neighboring atoms and one covalent bond will be missing. This vacancy represents of hole similar to 
that left behind by an electron excited into the conduction band without having an electron in the 
conduction band. In this example, the holes are the majority charge carriers. Examples of p-type dopants 
include elements with 3 valence electrons such as boron, aluminum, and gallium. N and p-type 
semiconductors are illustrated in Figure 11.  
 
 
Figure 11 Electronic structure of n and p-type semiconductors32 
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When a charged particle passes through a semiconductor, it produces many electron-hole pairs along 
its track. Semiconductor detectors have very small ionization energies (~3 eV) and therefore a large 
number of charge carriers are created for a given incident energy, leading to energy resolution that is 
superior to other detection methods, including sodium iodide detectors. An electric field is applied to the 
detector causing the created charge carriers to drift in opposite directions, creating a current in the 
detector. The pulses created by the charge carriers are proportional in energy to the energy of the 
incoming radiation, producing narrow-band spectral lines. The number of pulses at a given energy can be 
used to quantify the amount of a given isotope present in a sample28. Work was performed using a 
Canberra BE3830 with 2002CSL preamplifier and Canberra Genie 2000 software.  
2.8.3.2 Sodium Iodide Detectors 
Sodium iodide detectors are inorganic scintillators that emit light when interaction with a gamma-ray 
occurs33. Sodium iodide detectors have a very high light output but are limited by their slow timing 
characteristics28. Sodium iodide crystals are hygroscopic and therefore relatively fragile. A major advantage 
of sodium iodide is that the crystals can be grown relatively large and in useful sizes and geometries. The 
low Z of sodium iodide detectors leads to a low probability of photoelectric effect gamma-ray interactions 
as compared to other inorganic scintillators28.   
Inorganic materials undergo a scintillation mechanism that is governed by the energy states within the 
crystal lattice. Figure 12 illustrates that electrons are only available in discrete energy bands within the 
crystal lattice. The lower band, known as the valence band, represents electrons that are bound at lattice 
sites. The upper band, known as the conduction band, represents electrons that have enough energy to move 
freely throughout the crystal. Between these energies lies the forbidden band, in which electrons cannot be 
found in a pure crystal. The absorption of energy from a gamma-ray by an electron in the valence band will 





Figure 12 Energy band structure of an activated crystalline scintillator 
 
The excitation and de-excitation of electrons promoted to the conduction band can lead to 
photons outside the visible range. To produce photons in the visible spectrum, activators are doped into 
the crystal creating special sites within the lattice that change the band structure of the pure crystal. A 
promoted electron can now de-excite through the activator sites on its way to the valence band. This 
difference in bandgap energy leads to visible photons that can be detected by a photomultiplier tube28. 
This work was performed using a Canberra InSpector NaI, with Canberra Genie 2000 Software. 
2.8.4 Inductively Coupled Plasma- Atomic Emission Spectrometer 
Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) was used to quantify non-
radioactive elements. In an ICP-AES system, the sample is injected through inductively coupled plasma 
(ICP) as an aerosol in argon. The ICP ionizes the sample and promotes it to an excited electronic state. As 
the excited atoms relax to lower and ground states they release ultraviolet and visible light in discrete 
lines that correspond to the difference in the energy of the higher and lower states. The emitted light will 
pass through a polychromator that separates the light in two dimensions based on wavelength; it is also 
focused before reaching the detector. Each element has characteristic discrete energy levels so it is 
possible to identify elements present in the sample based on the wavelengths emitted. The intensity of a 
given wavelength can be used to quantify the amount of the element of interest using a calibration curve 
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comparing the intensity of the line and number at atoms34. The ICP-AES analysis was performed using a 






Chapter 3 Interactions of Iron Species with Synthetic Melt Glass and Synthetic Urban Melt 
Glass 
3.1 Abstract 
Diffusion couples of various iron species in contact with synthetic melt glass matrices were 
evaluated in oxidizing, inert, and reducing conditions over a range of temperatures. Oxidation of the metal 
samples within the diffusion couples were seen in those run in both air and argon. Running samples in the 
reducing 5% hydrogen atmosphere stunted the diffusion of iron and silicon significantly. Silicon diffusion 
into the iron species was often increased at 675 °C likely due to the formation of a highly mobile iron-
silicate species. Activation energies were determined for the diffusion of iron into synthetic melt glass 
matrices in air and argon using Arrhenius plots.  
 
3.2 Introduction 
In this chapter, the interactions of various iron species with synthetic melt glass and synthetic 
urban melt glass are considered. Iron, atomic number 26, is a group 8 transition metal that is by mass the 
four many significant 
minerals. Common iron oxides include hematite, magnetite, wustite, and siderite. Magnetite (Fe3O4) 
contains Fe(II) and Fe(III) in a 1:2 ratio, is black, strongly ferromagnetic, and is insoluble in water and 
acids. Magnetite has a high electrical conductivity that may be attributed to the electron transfer between 
Fe(II) and Fe(III). Hematite (Fe2O3) and wustite (FeO) are composed of only trivalent and divalent iron, 
respectively. Hematite is red-brown and is commonly used as a precursor to iron metal. Its importance to 
the steel industry cannot be overstated, and it also finds uses in pigmentation, preparation of jewelry, and 
is a widely used magnetic material. A high-pressure Fe4O5 has also been determined to exist in the upper 
35.  While not commonly present naturally, iron metal is used for many 
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industrial purposes like steel production that makes it also worth studying36. The iron-oxygen phase 
diagram is shown in Figure 13. 
 
 
Figure 13 Iron-oxygen phase diagram37 
 
Outside of oxide minerals, iron can exist in oxidation states from -2 to +7. The 26 available 
electrons are configured [Ar]3d64s2, in which the 3d and 4s electrons are relatively close in energy. 
Minerals containing Fe(II) are less stable because Fe(II) may oxidize to Fe(III), creating a charge 
imbalance that weakens the mineral and promotes dissolution.38  
In studying the interactions of iron species with synthetic melt glass and synthetic urban melt 
glass, iron silicate compounds must also be considered. Olivine is a magnesium-iron-silicate that is a 
lid solution series of the ratios of iron and magnesium 
exist in which fayalite (Fe2SiO4) is the iron-rich end member. Michelin et al. have shown that when 
metallic iron is present with glass an iron silicate phase like fayalite precipitates under depleted oxygen 
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conditions39. Also, the iron silicate precipitate consumes silica on the glass surface, increasing dissolution, 
and the iron can migrate through altered silicate layers40. Several pyroxene minerals, commonly found in 
igneous and metamorphic rock with the general formula XY(Si, Al)2O6, where X can be many ions 
including iron and Y is a smaller ion such as chromium or even iron (II) or iron (III), are known to 
contain iron and silicates.  
The iron-rich iron silicate species fayalite likely plays an important role in the interaction of iron 
species with synthetic melt glass and thus deserves additional attention to its characteristics and formation 
conditions. As a member of the olivine group, it often forms solid solutions with forsterite and tephroite 
(Mg2SiO4 and Mn2SiO4) and is commonly found in volcanic obsidian and rocks. In meteorites, where it is 
most commonly found, fayalite likely forms from the alteration of silica grains41,42. Models suggest that in 
meteorites fayalite can form in metamorphic and aqueous conditions in temperatures of 350 °C and lower, 
and in reducing atmospheric conditions43. In mineral deposits in Australia, fayalite appears to form from a 
solid-state reaction between silica and hematite in reducing conditions44. Under these conditions, fayalite 
forms at temperatures as low as 650 °C and will bond to magnetite and quartz. At higher temperatures, 
fayalite diffuses into and fills the micro-cracks seen in the mineral system44. Laboratory synthesis of 
fayalite often focuses on achieving nanometer-sized crystals45 48, where reducing conditions are utilized at 
temperatures between 600 and 850 °C, with varying starting materials often using a sol-gel synthesis 
method. Fayalite formation between iron species and silica appears to happen in many conditions, 
primarily under reducing atmospheres in a wide range of temperatures, making it difficult to predict under 
what conditions it may form in nuclear melt glass matrices.  
While not present naturally in a large number of common minerals, iron is one of the most 
commonly used industrial metals making it a likely component of nuclear melt glass formations. The 
largest use of iron metal is the manufacturing of steel; each year about 1.3 billion tons of steel is produced 
in the world. Steel, stainless steel, wrought iron, and cast iron are such common materials that any nuclear 
device set off in an urban area is bound to come into contact with iron metal. During historic nuclear 
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weapons tests, metallic iron was often present in structural equipment including detonation towers.49 In 
underground tests, iron was present in up to a few tenths weight percent in the melt glass from the device, 
test structure, and diagnostics.50 
Several studies have looked at the oxidation state of iron in melt glass and its impact on the 
chemistry of other species within the glass. Investigation of the glass debris from two tests at the Nevada 
National Security Site (NNSS) found that iron shows indications of reducing conditions during the test 
due to the Fe(II)/Fe(III) ratio in the glass being higher than that of the surrounding rock and soil.50 Further 
studies compared the iron and uranium oxidation states of synthetic glasses to those of NNSS glasses by 
x-ray absorption near edge structure and found three glasses from NNSS to have mixed iron valence 
states51. The same study also found evidence of reducing conditions during melt glass formation due to 
the large amount of Fe(II) present51. The iron redox conditions are also likely to affect the redox 
conditions of the groundwater chemistry in the area, decreasing the solubility of actinides and leading to 
the formation of colloids.51 Iron, as well as other transition metals, are known to act as buffers for 
uranium and plutonium redox in silicate glass. 52 54 Analysis of the glass and soil from three additional 
nuclear weapons tests found further evidence of iron in reduced conditions, with iron being incorporated 
as either Fe(II) or Fe(III) being reduced to Fe(II) during melt glass formation. The redox chemistry of the 
evaluated melt glass is likely to depend on the test conditions and Fe metal from structures during the 
tests can lead to variations within the glass55. Further evidence of the possible reducing conditions during 
melt glass formation can be seen by examining fission products like xenon isotopes.56  By studying the 
xenon isotopes within nuclear melt glass, the timescale of glass formation, chemical fractionation during 
that time, and speciation of fission products in the fireball can be determined. Using xenon chronometry, 
it was concluded that within 3 seconds the fallout glass was either in an area of the fireball cooled to less 
than 1200 °C or ejected from the fireball. The short time and large amount of metal species present lead 
to reduced species and xenon isotopic ratios indicated an oxygen-starved environment where xenon 
precursors are reduced atomic species. The oxidation state of iron has been studied in trinitite glass using 
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x-ray absorption near edge structure and found the iron to be primarily Fe(II).57,58 Tektite has been 
suggested as a natural analog for trinitite due to its presence of Fe(II).59  
Previous studies on the diffusion of iron and silicon species can provide insight into the 
interactions of the studied iron species with synthetic melt glass. The diffusion of iron within silicon has 
been studied for the semiconductor industry, with a primary emphasis on the purification and removal of 
iron impurities within the silicon60 66. Diffusion between iron and silicon wafers shows a Fe3Si diffusion 
layer that grows quickly, where the highest purity iron diffuses quickest in silicon and oxygen atoms in 
the iron can react with silicon to form a SiO2 layer that can act as a barrier, slowing diffusion.67 Studies of 
iron oxide melts show that diffusivity of iron and oxygen decreases as the ratio of Fe(III) to total Fe 
increases68. Additionally, increasing the silicon content in a silicon iron alloy can lower expansion 
coefficients, suggesting that diffusion would also decrease as silicon content increases.69 The diffusion of 
oxides is commonly associated with the migration of ions rather than neutral atoms, cations being more 
mobile due to their smaller size. 61 In a study of self-diffusion of iron in iron oxides, it was found that 
wustite and magnetite exhibit the outward diffusion of iron, while hematite experiences inward diffusion 
of oxygen.61 
Performing diffusion couple studies with iron species in contact with synthetic melt glass and 
synthetic urban melt glass can provide insight into the interactions between iron and glass species during 
melt glass formation. Knowledge of the speciation of melt glass samples collected from historic tests and 
the chemistry of iron and silicon, especially compounds like fayalite, can assist in a greater understanding 





To study the interactions of various species of iron with synthetic melt glass and synthetic urban 
melt glass, diffusion couple studies were performed. Iron species Fe, FeO, Fe3O4, and Fe2O3 were placed 
into contact with sintered pellets of synthetic melt glass or synthetic urban melt glass. Iron oxide and 
synthetic melt glass pellets and the iron metal disks were prepared as described in sections 2.6 and 2.7. 
Conditions for iron diffusion couples are described in Table 7 nthetic melt 
-treated for one week while the 
temperature was monitored with a thermocouple. Air, argon, and 5% hydrogen in argon were chosen as 





Table 7 Iron diffusion couple conditions
Sample Stack Temperature Atmosphere 
Ta/Fe/Glass/FeO/Ta/Fe3O4/Glass/Fe2O3 650 °C Air 
Ta/Fe/Glass/FeO/Ta/Fe3O4/Glass/Fe2O3 675 °C Air 
Ta/Fe/Glass/FeO/Ta/Fe3O4/Glass/Fe2O3 700 °C Air 
Ta/Fe/UMG/FeO/Ta/Fe3O4/UMG/Fe2O3 650 °C Air 
Ta/Fe/UMG/FeO/Ta/Fe3O4/UMG/Fe2O3 675 °C Air 
Ta/Fe/UMG/FeO/Ta/Fe3O4/UMG/Fe2O3 700 °C Air 
Ta/Fe/Glass/FeO/Ta/Fe3O4/Glass/Fe2O3 650 °C Argon 
Ta/Fe/Glass/FeO/Ta/Fe3O4/Glass/Fe2O3 675 °C Argon 
Ta/Fe/Glass/FeO/Ta/Fe3O4/Glass/Fe2O3 700 °C Argon 
Ta/Fe/UMG/FeO/Ta/Fe3O4/UMG/Fe2O3 650 °C Argon 
Ta/Fe/UMG/FeO/Ta/Fe3O4/UMG/Fe2O3 675 °C Argon 
Ta/Fe/UMG/FeO/Ta/Fe3O4/UMG/Fe2O3 700 °C Argon 
Ta/Fe/Glass/FeO/Ta/Fe3O4/Glass/Fe2O3 650 °C 5% Hydrogen in Argon 
Ta/Fe/Glass/FeO/Ta/Fe3O4/Glass/Fe2O3 675 °C 5% Hydrogen in Argon 
Ta/Fe/Glass/FeO/Ta/Fe3O4/Glass/Fe2O3 700 °C 5% Hydrogen in Argon 
Ta/Fe/UMG/FeO/Ta/Fe3O4/UMG/Fe2O3 650 °C 5% Hydrogen in Argon 
Ta/Fe/UMG/FeO/Ta/Fe3O4/UMG/Fe2O3 675 °C 5% Hydrogen in Argon 
Ta/Fe/UMG/FeO/Ta/Fe3O4/UMG/Fe2O3 700 °C 5% Hydrogen in Argon 
 
 
In every case in which an iron oxide pellet is studied, unsintered
While tantalum is placed in the sample stack primarily as a spacer to prevent samples from sticking to the 
clamp or to keep two samples from interacting with one another, it is also useful as an indicator of the 
presence of oxygen, as it will become brittle and crumble when heated in air. During argon atmosphere 
heat treatments, tantalum showed signs of reaction with air. As the argon glovebox was in good working 
condition, a piece of tantalum was heat-treated with iron oxide pellets sealed in the argon atmosphere and 
the tantalum exhibited signs of the presence of oxygen in the system. It was then determined that oxygen 
is released from the decomposition of iron oxide samples during the heat treatments, regardless of the 
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atmosphere. The release of oxygen from the iron oxide species is not enough to modify the iron speciation 
on the macroscopic level or negate the diffusion differences seen between each of the starting species. 
Several quantitative line scans were performed on every interface for each sample. The maximum 
diffusion observed for each of the interfaces is presented in this chapter. The average diffusion for each 
interface is discussed in the Atmospheric Differences section of this chapter, the full data for the average 
diffusion of each interface is presented in Appendix A. The maximum diffusion was determined in each 
point by finding the distance from the interface of the last point taken where the element of interest has an 
atomic percent of 1 or more or was clearly represented in the EDS spectra. 
 
3.4 Results and Discussion 
The following sections describe the results of diffusion couple studies of synthetic melt glass and 
synthetic urban melt glass with various iron species. Results are presented for diffusion couples run in air, 
argon, and 5% hydrogen in argon atmospheres. The results for synthetic melt glass and synthetic urban 
melt glass are separately discussed for each atmosphere. 
3.4.1 Air Diffusion Couples 
Iron diffusion couples run in the air atmosphere were sealed on the benchtop in a vacuum nipple 
assembly using a copper gasket. The sample stacks were sealed to limit the amount of atmosphere present 
so that the air was not continuously replenishing throughout the heat treatment.  
3.4.1.1 Iron-Synthetic Melt Glass in Air Diffusion Couples 
The stitched SEM images of the sample stacks run for the iron-synthetic melt glass diffusion 
couples are shown in Figure 14. It can be seen especially clear in Figure 14a that during the heat treatment 
the synthetic melt glass begins to soften and will creep to the top and the bottom of the sample stack. 
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Figure 14c shows that some of the FeO pellet was lost during the mounting process; however, enough of 
the sample remained to perform an analysis of the diffusion boundary. Figure 14b clearly shows the 
oxidation layer that forms on the iron metal during the heat treatment, indicating that in an air atmosphere 













Figure 15 Example SEM map and element maps of Fe3O4-synthetic melt glass boundary 
 
A typical sample interface example is shown in Figure 15 of the Fe3O4-synthetic melt glass 
boundary. The image on the left is the image taken by the SEM while the image on the left shows the 
EDS maps of each element of interest within that image. The elemental maps of this diffusion boundary 
show the concentration of the elements of interest on a grayscale. At this magnification, it can be seen that 
the calcium within the synthetic melt glass forms into needle-like structures. Iron that diffuses into the 
synthetic melt glass also appears to be co-located with the calcium needles. 
 To determine the amount of diffusion between the samples, a quantitative line scan is taken 
within the image. The example (Figure 16) shows the same interface as Figure 15. In this line scan, the 
atomic percent of each element of interest is determined at each point across a hand-drawn line across the 
interface as described in Section 2.8.1. The atomic percent of each element is plotted against the distance 
in micrometers from the interface. This particular interface shows the diffusion of iron into the synthetic 
melt glass out to 50.5 micrometers. The diffusion of the synthetic melt glass components (silicon, sodium, 




Figure 16 Example quantitative line scan and associated atomic percent of elements of interest 
 
 Quantitative line scans were taken across each diffusion boundary, often multiple line scans 
within multiple areas of interest to determine the diffusion of iron into the synthetic melt glass and the 
glass components (silicon, sodium, and calcium) into the iron matrix. The maximum diffusion of each of 
these elements in the iron-synthetic melt glass diffusion couples in the air is seen in Table 8. Little to no 
sodium and calcium diffusion is seen at any of the temperatures into any of the iron species. This implies 
that there is little interaction between these minor species of the glass with iron, and in air, they will not 
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Table 8 Maximum Diffusion of Fe, Si, Na, Ca in Iron-Synthetic Melt Glass Diffusion Couples in Air
Maximum Fe Diffusion into Synthetic 
Glass Matrix (µm) 
 Maximum Si Diffusion into Iron Matrix 
(µm) 
 650° C 675° C 700° C   650° C 675° C 700° C 
Fe/Glass 44.4 73.4 131  Fe/Glass 0.0 220 80.5 
Glass/FeO 34.4 15.8 79.0  Glass/FeO 8.2 39.6 89.4 
Fe3O4/Glass 50.5 18.4 41.0  Fe3O4/Glass 4.4 0.0 11.3 
Glass/Fe2O3 16.5 4.8 38.9  Glass/Fe2O3 4.7 13 11.3 
         
         
Maximum Na Diffusion into Iron Matrix 
(µm) 
 Maximum Ca Diffusion into Iron Matrix 
(µm) 
 650° C 675° C 700° C   650° C 675° C 700° C 
Fe/Glass 0.0 0.0 0.0  Fe/Glass 0.0 0.0 0.0 
Glass/FeO 0.0 7.5 0.0  Glass/FeO 0.0 7.5 0.0 
Fe3O4/Glass 19.5 0.0 7.2  Fe3O4/Glass 19.5 0.0 7.2 
Glass/Fe2O3 0.0 21.2 11.3  Glass/Fe2O3 0.0 0.0 0.0 
  
In the examination of diffusion couples, the determination of the temperature dependence of the 
reaction rate is often performed using the Arrhenius equation, shown in Equation 4, where k is the rate 
constant, Ae is a constant for each reaction, Ea is the activation energy, T is the temperature, and R is the 




By taking the natural logarithm and rearranging Equation 5, the rate constant can be expressed in linear 




By plotting ln(k) against 1000/T (°C-1), the activation energy can then be found by multiplying the slope 
of the line by R. The term k is found using Equation 6, where x is the average diffusion distance in 





 The Arrhenius plot of the diffusion of iron metal into the synthetic melt glass matrix is shown in 
Figure 17. A linear relationship with an R2 value of 0.9961 and a slope of -9.84 is obtained. The 
activation energy of the diffusion of iron metal into synthetic melt glass is then determined to be 0.082 
kJ/mol.  
 
Figure 17 Arrhenius plot of Fe diffusion into Synthetic Melt Glass 
 
Arrhenius plots were performed for the diffusion of each iron species into the synthetic melt glass in the 

























Table 9 Activation Energy of Iron Species Diffusion in Air
Activation Energy of Iron Species Diffusion Into 
Synthetic Melt Glass Matrix 
Iron Species Fe Oxidation State Slope Activation Energy (kJ/mol) 
Fe 0 -9.83 0.082 
FeO 2 -7.37 0.061 
Fe3O4 +2, +3 0.046 n/a 
Fe2O3 3 -7.43 0.062 
 
The application of the Arrhenius Plot to the diffusion data to find activation energy does not 
appear to work for the Fe3O4 synthetic melt glass interface due to non-Arrhenius diffusion behavior that 
leads to a slightly positive slope. This may be due to the mixed oxidation state causing the system to 
sometimes act in accordance with Fe(II) while at other times acting like Fe(III). Within this interface, the 
diffusion distance did not increase with temperature. Activation energies were determined for Fe, Fe3O4, 
and Fe2O3. FeO has the lowest activation energy in this system, meaning diffusion occurs most easily in 
this interface. Fe and Fe2O3 have similar, slightly higher values, where more energy is required for 
diffusion.  
 The Arrhenius law cannot be applied to silicon diffusion because in glass-forming materials the 
slowing down of the motion of atoms happens more quickly than is predicted by the law.70 75 Proposed 
reasoning for the deviation from the Arrhenius law includes an increase in effective energy barrier at low 
temperatures72 75 and was experimentally proven to be due to a temperature-dependent activation 
energy.76 The slowing down of molecular motion at the glass transition caused by an increase in 





Figure 18 Iron Diffusion into Synthetic Melt Glass Matrix in Air 
 




































































For all three of the iron oxides, a decrease is seen at the 675 °C data point for diffusion of the iron 
species into the synthetic melt glass. At this same temperature point, an increase is seen in the diffusion of 
silicon into the iron metal. This is illustrated in Figure 18 and Figure 19, where the diffusion of iron and 
silicon in each interface is plotted as a function of temperature. Differential scanning calorimetry, seen in 
Figure 20, of the synthetic melt glass, shows nothing of interest at this temperature to suggest that the 
diffusion behavior would behave differently.  
 
 
Figure 20 Differential scanning calorimetry of synthetic melt glass 
 
 This change in diffusion behavior at 675 °C may be due to the formation of fayalite, Fe2SiO4, or 
some other iron-silicate precipitate like that seen in Michelin et. al. with iron metal in the presence of 
SiO2 under the necessary anoxic conditions.77 Fayalite can form in a range of temperatures, and formation 
conditions are typically studied from ~625-1125 °C.78,79 Under the desired water/rock ratios, pressures, 
and H2/H2O ratios, fayalite can form at temperatures as low as 350 °C.43 It may be possible that with the 
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amount of atmosphere present, the pressures, and the amount of material, fayalite or some other iron-
silicate compound is preferentially forming at 675 °C in the diffusion couple system, leading to non-
Arrhenius diffusion behavior at this temperature. The possible formation of fayalite at this temperature 
appears to lead to an increase in diffusion, but may actually be a large reaction front where the ingrowth 
of the new species occurs at a greater rate. The diffusion of this reaction product involves different 
phases, and does not involve the diffusion of the elemental species and therefore differs from the 650 °C 
and 700 °C systems. 
3.4.1.2 Iron-Synthetic Urban Melt Glass in Air Diffusion Couples 
The stitched SEM images for the iron-synthetic urban melt glass couples are shown in Figure 21. 
As is seen in the iron-synthetic melt glass diffusion couples in air, an oxidation layer can be seen on the 
iron metal. However, while the synthetic melt glass appears to soften and deform during the heat 
treatment, the same does not appear to be true for the synthetic urban melt glass, which appears to 
maintain its pellet shape. 
 
a b c 





Both the low magnification stitched image of the sample stack and the magnified interaction areas 
show that while thoroughly mixed, there are distinct zones of cement-like and glass-like regions within 
the synthetic urban melt glass. The cement-like regions can be designated by finding the calcium-rich 
regions within the element maps as seen in Figure 22. 
 
Figure 22 Example SEM image and element maps Fe-synthetic urban melt glass boundary 
 
Efforts were made to take quantitative line scans within both the glass-like and cement-regions of 
each interface. Sometimes this was not possible because no inclusions of one type or the other were 
present at the surface of the interface. Figure 23 and Figure 24 show quantitative line scans through 
cement and glass-like regions with the interface. The gap observed between the iron metal and the 
synthetic urban melt glass is due to the thermal contraction that occurs as the samples are cooling after the 
heat-treatment and is seen in a number of the presented interfaces. Samples observed to have a gap were 
in contact during the heat-treatment.  
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Figure 23 Quantitative line scan and associated atomic percent of elements of interest through the cement-like region of 
Fe/Synthetic Urban Melt Glass interface at 675 °C in air 
 
Figure 24 Quantitative line scan and associated atomic percent of elements of interest through the glass-like region of 
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In this case, iron diffusion into the synthetic urban melt glass is seen to 9.2 and 13.2 micrometers 
for the cement-like and glass-like regions, respectively. In this example there is no discernible difference 
between the two regions, however, sometimes the regions will show noticeable differences in diffusion 
distances and can, therefore, lead to large standard deviations within the average diffusion distances. In 
these cases, the diffusion data could be split between the two regions.  
 The maximum diffusions of iron, silicon, sodium, and calcium into either the iron interface or the 
synthetic urban melt glass in shown in Table 10 for diffusion couples in air. Similar to the iron-synthetic 
melt glass diffusion couples in air, little to no diffusion is seen for sodium or calcium in any of the 
interfaces. For the Fe3O4 and Fe2O3 interfaces, a slight increase of iron diffusion is seen with temperature. 
A dip in the expected diffusion of iron from these interfaces at 675 °C may again be due to the formation 
of an iron-silicate precipitate like fayalite under these conditions where the reaction layer prevents the 
diffusion of iron.  
The diffusion of iron in the Fe metal and FeO interfaces does not act as expected in that they both 
experience reduced diffusion as the temperature increases. This is likely due to the very large increase in 
silicon diffusion into the iron interfaces at these temperatures, so diffusion is only occurring in one 
direction. In the Fe metal-synthetic urban melt glass interface, silicon diffusion is seen to the edge of the 
Fe metal at nearly 350 micrometers. Silicon diffusion in the FeO interface occurs out to 140 micrometers 
at 700 °C. At 700 °C and above, silicon appears to be mobile enough to experience diffusion to great 
distances in these two interfaces. This may be a useful indicator of the initial speciation of iron in melt 





Table 10 Maximum Diffusion of Fe, Si, Na, Ca in Iron-Synthetic Urban Melt Glass Diffusion Couples in Air
Maximum Fe Diffusion into Synthetic 
Urban Glass Matrix (µm) 
  
Maximum Si Diffusion into Iron Matrix 
(µm) 
  650° C 675° C 700° C     650° C 675° C 700° C 
Fe/Glass 24.6 13.3 0.0  Fe/Glass 66.3 0.0 347.4 
Glass/FeO 74.4 31.9 27.7   Glass/FeO 9.6 5.6 140.2 
Fe3O4/Glass 35.4 27.2 66.7  Fe3O4/Glass 9.5 0.0 12.5 
Glass/Fe2O3 19.8 20.4 33   Glass/Fe2O3 21.2 6.2 59.9 
         
                  
Maximum Na Diffusion into Iron Matrix 
(µm) 
 Maximum Ca Diffusion into Iron Matrix 
(µm) 
  650° C 675° C 700° C     650° C 675° C 700° C 
Fe/Glass 0.0 0.0 0.0  Fe/Glass 0.0 0.0 0.0 
Glass/FeO 9.6 0.0 0.0   Glass/FeO 0.0 0.0 0.0 
Fe3O4/Glass 30 0.0 12.5  Fe3O4/Glass 5.5 0.0 22.9 
Glass/Fe2O3 6.8 0.0 26.8   Glass/Fe2O3 0.0 0.0 26.8 
 
For the synthetic melt glass diffusion couples run in air, negligible amounts of diffusion are seen 
for sodium and calcium into the iron species. The diffusion of silicon into the iron species is low (< 12 
micrometers) in Fe3O4. In the FeO interface, silicon diffusion increases with temperature, experiencing a 
maximum diffusion of 140 micrometers. In the Fe interface, a spike of silicon diffusion occurs at 675 °C 
but is comparable with FeO at 700 °C. Activation energies were determined for iron diffusion into the 
synthetic melt glass using the Arrhenius equation. The activation energies of Fe and FeO were 
indeterminate. Fe3O4 and Fe2O3 were determined to have activation energies of 0.047 and 0.038 kJ/mol 
for the diffusion of iron into synthetic urban melt glass, indicating that there is less of a barrier to the 
diffusion of iron from Fe2O3. The diffusion distances of iron within the synthetic urban melt glass 
decreases as the oxidation state of iron increases. The addition of cement to the melt glass also appears to 




3.4.2 Argon Diffusion Couples
Diffusion couples run in argon were assembled and sealed into the nipple assembly in an argon 
glove box to perform heat treatments in an inert atmosphere. Once properly sealed, they were removed 
from the glovebox and run in a muffle furnace on the benchtop.  
3.4.2.1 Iron-Synthetic Melt Glass in Argon Diffusion Couples 
The stitched SEM images of the sample stacks run for the iron-synthetic melt glass diffusion 
couples in argon are shown in Figure 25. The oxidation layer seen on the iron metal during the air 
diffusion couples is not present in the samples run in argon. Oxygen is known to be present in the system 
from the reaction of the tantalum separation foils; however, it is not enough to oxidize the iron metal. The 
oxygen causing this reaction is being released by the decomposition of the iron oxide samples. As with 
the diffusion couples run in air, the glass can be seen to flow over the edge of the samples. The glass can 
also be seen to flow horizontally into the iron oxide pellets, filling in any cracks or defects within the 
samples. The cracked-looking effect seen on the iron metal is not a feature of the sample, but rather 
peeling of the carbon coating. There is significant contact between the synthetic melt glass and each of the 










Figure 25 Stitched SEM images of iron/glass diffusion couples in argon at a) 650 °C b) 675 °C and c) 700 °C 
 
 An example interface for this set of samples is shown in Figure 26, illustrating the synthetic melt 
glass and FeO interface. At this magnification, it is clear that the calcium within the glass is drawn 
towards the edges of the glass and forms into needle-like structures. This is also seen with the samples run 
in air, but not in those examined under the reducing H5 atmosphere. This feature is not seen in a sintered 
piece of the synthetic melt glass and is, therefore, a feature of being in contact with the iron and is seen in 
each of the interfaces across the range of temperatures. The needle-like calcium structures are often co-
located with iron that has diffused into the synthetic melt glass. A study of calcium borate glasses 
containing up to 23 mol % Fe2O3 showed crystalline structures within heat-treated glasses containing 
higher iron concentrations.80 A similar effect may be seen between the synthetic melt glass and the iron 
samples causing crystalline structures within the glass where significant amounts of iron have diffused.  
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Figure 26 Example SEM image and element maps synthetic melt glass-FeO boundary 650 °C in argon 
 
Figure 27 shows the quantitative line scan through the synthetic melt glass-FeO boundary of the 
interface shown in Figure 26. In this interface, iron from FeO diffuses into the synthetic melt glass 21.9 
micrometers, with an average of all line scans taken in this interface of 23.4 micrometers. Negligible 









Figure 27 Quantitative line scan and associated atomic percent of elements of interest in synthetic melt glass-FeO 
diffusion boundary 650 °C in argon 
 
 The maximum diffusions of iron, silicon, sodium, and calcium into either the iron or synthetic 
glass region for the diffusion couples run in argon are shown in Table 11. For each of the glass 
components of interest (silicon, sodium, and calcium), little to no diffusion is seen into the iron matrix for 
the Fe/Glass, Glass/FeO, and Fe3O4/Glass interfaces. The most significant amount of diffusion seen for 
any of these elements is seen in the Glass/Fe2O3 interface, especially for silicon and calcium in the 675 °C 
heat treatment. The increase in expected diffusion at these points may again be due to the formation of a 
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Table 11 Maximum Diffusion of Fe, Si, Na, Ca in Iron-Synthetic Melt Glass Diffusion Couples in Argon
Maximum Fe Diffusion into Synthetic 
Glass Matrix (µm) 
  
Maximum Si Diffusion into Iron Matrix 
(µm) 
  650° C 675° C 700° C     650° C 675° C 700° C 
Fe/Glass 12.3 30.2 109.8  Fe/Glass 0.7 0.0 0.0 
Glass/FeO 24.9 27.3 56.5   Glass/FeO 3.9 9.6 7.0 
Fe3O4/Glass 29.4 36.2 58.1  Fe3O4/Glass 1.5 32.8 2.8 
Glass/Fe2O3 12 30.3 66.3   Glass/Fe2O3 4.3 36.5 12.0 
         
                  
Maximum Na Diffusion into Iron Matrix 
(µm) 
 Maximum Ca Diffusion into Iron Matrix 
(µm) 
  650° C 675° C 700° C     650° C 675° C 700° C 
Fe/Glass 0.0 0.0 0.0  Fe/Glass 0.0 0.0 0.0 
Glass/FeO 3.9 9.6 27.6   Glass/FeO 3.9 9.5 7 
Fe3O4/Glass 1.5 23.3 17.9  Fe3O4/Glass 1.5 23.3 0.0 
Glass/Fe2O3 4.3 11.6 12   Glass/Fe2O3 4.3 14.7 1.4 
 
Iron diffusion into the synthetic melt glass is the driving reaction within the diffusion couples 
performed in argon, with maximum diffusion seen in the Fe/Synthetic Melt Glass interface at 109.8 
micrometers during the 700 °C heat treatment. As described in section 3.4.1.1., the maximum diffusion 
within each interface can be applied to the Arrhenius equation to find the activation energy of each 
interaction. The activation energies for the diffusion of iron species into the synthetic melt glass in argon 







Table 12 Activation Energy of Iron Species Diffusion in Argon
Activation Energy of Iron Species Diffusion Into 
Synthetic Melt Glass Matrix 
Iron Species Fe Oxidation State Slope Activation Energy (kJ/mol) 
Fe 0 -19.87 0.16 
FeO 2 -7.37 0.061 
Fe3O4 +2, +3 -6.17 0.051 
Fe2O3 3 -15.6 0.13 
 
FeO and Fe3O4 diffusion into the synthetic melt glass have very similar activation energies of 
0.061 and 0.051 kJ/mol, receptively. The similar behavior of these species is due to the sharing of a +2 
oxidation state, suggesting that while Fe3O4 has mixed oxidation states of +2 and +3, in argon it is driven 
to act as the +2 state. The activation energy of Fe2O3 diffusion into synthetic melt glass is nearly twice 
that of the other two oxide species, indicating that in argon the higher oxidation state of iron cations is 
much less mobile than the lower oxidation states. This theory is challenged by the fact that iron metal 
(+0) has the highest activation energy and sees the largest amounts of diffusion, but this is likely due to 
the difference in behavior between metals and cations driven by electrostatic and size differences. 
3.4.2.2 Iron-Synthetic Urban Melt Glass in Argon Diffusion Couples 
The stitched SEM images of the sample stacks run for the iron-synthetic urban melt glass 
diffusion couples in argon are shown in Figure 28. As with the synthetic melt glass diffusion couples run 
in argon, no oxidation layer is seen on the iron metal. The synthetic urban melt glass does not flow as 
much as the synthetic melt glass; none of the sample pools at the top or bottom of the sample stack and 
there is no creep of the synthetic urban melt glass into the iron oxide defects. While there is no flow of the 





Figure 28 Stitched SEM images of iron/urban glass diffusion couples in argon at a) 650 °C b) 675 °C and c) 700 °C 
 
 An example interface for the synthetic urban melt glass diffusion couples run in argon is shown in 
Figure 29 between the synthetic urban melt glass and Fe2O3. Clear boundaries can be seen between the 
glass and cement-like areas within the synthetic urban melt glass, the glass-like area is the large region at 
the bottom left of the image that is depleted in calcium, and the cement-like region can be seen at the top 
and right of the image, enriched in calcium. However, no discernable differences are seen in the diffusion 
of iron and silicon between the two areas. The maximum diffusion of iron from the Fe2O3 into the 
synthetic urban melt glass is 26 micrometers, while the maximum diffusion of the silicon from the 
synthetic melt glass into the Fe2O3 is 8 micrometers.   
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Figure 29 Example SEM image and element maps synthetic urban melt glass-Fe2O3 boundary 700 °C in argon 
 
The maximum diffusions of iron, silicon, sodium, and calcium into either the iron or synthetic 
urban melt glass for the diffusion couples run in argon are shown in Table 13. As with most of the other 
interfaces, negligible amounts of diffusion of sodium and calcium are seen into any of the iron matrices. 
Very little silicon diffusion is seen at 650 °C and 700 °C, however, diffusion of silicon into Fe metal and 
FeO see a large increase up to 103 micrometers at 675 °C. As discussed in previous sections this is likely 
due to the formation of a highly mobile iron-silicate species at this temperature in these matrices. The 
diffusion of iron from the metal also sees a large increase in the synthetic urban melt glass under these 
same conditions due to the formation of a fayalite reaction layer. Besides the large increase of diffusion 
from the iron metal into the debris matrix, iron diffusion is relatively consistent between the various iron 




Table 13 Maximum Diffusion of Fe, Si, Na, Ca in Iron-Synthetic Urban Melt Glass Diffusion Couples in Argon
Maximum Fe Diffusion into Synthetic 
Glass Matrix (µm) 
  
Maximum Si Diffusion into Iron Matrix 
(µm) 
  650° C 675° C 700° C     650° C 675° C 700° C 
Fe/Glass 51.2 161.8 19.4  Fe/Glass 0.0 103.4 0.0 
Glass/FeO 33 9.2 42.5   Glass/FeO 2.1 94.2 0.0 
Fe3O4/Glass 23.2 34.8 32.9  Fe3O4/Glass 0.0 17.4 6.8 
Glass/Fe2O3 24.6 11.3 26.4   Glass/Fe2O3 12.6 26.6 7.9 
         
                  
Maximum Na Diffusion into Iron Matrix 
(µm) 
 Maximum Ca Diffusion into Iron Matrix 
(µm) 
  650° C 675° C 700° C     650° C 675° C 700° C 
Fe/Glass 0.0 0.0 0.0  Fe/Glass 0.0 0.0 0.0 
Glass/FeO 3.4 16.4 0.0   Glass/FeO 2.1 19.5 0.0 
Fe3O4/Glass 4.8 0.0 0.0  Fe3O4/Glass 0.0 0.0 6.8 
Glass/Fe2O3 0.0 16.4 7.9   Glass/Fe2O3 0.0 12.3 6.2 
 
 The diffusion couples run in an inert argon atmosphere show negligible amounts of diffusion 
from the synthetic melt glass or synthetic urban melt glass into the iron species. The diffusion of silicon 
into the iron species is also very low for all the samples run in argon; in both sets of samples the deepest 
silicon diffusion is seen at less than 25 micrometers into the iron samples (synthetic melt glass-Fe2O3 675 
°C argon). The diffusion of iron into the synthetic melt glass and the synthetic urban melt glass in argon 
also experience different trends. In the synthetic melt glass, iron metal Fe(0) sees nearly double the 
diffusion as any of the other species. The oxides all see similar amounts of diffusion, with Fe(III) >  
Fe(II/III)  > Fe(III),  and with the mixed oxidation state acting most similarly to Fe(II). However, with the 
addition of cement to the synthetic urban melt glass, the mixed iron oxidation state acts more similarly to 
Fe(III). The three iron oxides again all experience similar amounts of diffusion, however, with the 




3.4.3 5% Hydrogen in Argon Diffusion Couples
Diffusion couples run in 5% hydrogen in argon (H5) were assembled and sealed into the nipple 
assembly in a glove bag purged with H5 to perform heat treatments in a reducing atmosphere. Once 
properly sealed, they were removed from the glovebox and run in a muffle furnace on the benchtop.  
3.4.3.1 Iron-Synthetic Melt Glass in 5% Hydrogen in Argon Diffusion Couples 
The stitched SEM images of the sample stacks run for the iron-synthetic melt glass diffusion 
couples in H5 are shown in Figure 30. Figure 30a shows that the Fe3O4 and Fe2O3 synthetic melt glass 
sample stack was flipped during the mounting process, causing the usual sample order to be off. The 
Fe2O3 pellet was also cracked and split apart during the mounting process, though enough was left in 
contact with the synthetic melt glass to perform diffusion analysis. Figure 30b shows that much of the 
Fe2O3 pellet was lost during the mounting process. Though mostly missing, enough of the sample 
remained in contact with the synthetic melt glass to perform diffusion analysis. As with the other two 












An example interface from the synthetic melt glass-iron diffusion couples run in H5 is shown in 
Figure 31 of the synthetic melt glass-FeO boundary heat-treated at 675 °C. The element maps show that 
the formation of needle-like calcium structures at the surface of the synthetic melt glass does not occur in 
samples heat-treated in H5 as it does in the oxidizing and inert atmospheres. The structure of calcium 
within melt glass may be a possible signature for determining atmospheric conditions within melt glass.  
 
Figure 31 Example SEM image and element maps synthetic melt glass-FeO boundary 675 °C in H5 
  
The quantitative line scan taken through the region shown in Figure 31 is presented in Figure 32. 
In this line scan, silicon is observed to diffuse more than 445 micrometers into the FeO, not dissipating 
within the region viewed. Other line scans taken throughout this interface at smaller magnifications show 
silicon diffusion to the opposite end of the FeO pellet, beyond 1000 micrometers. The same deep 
diffusion of silicon into the iron matrices is also seen in Fe and Fe3O4. The diffusion front of silicon seen 
in Fe and FeO is consistent and often exceeds 10 atomic percent. The silicon diffusion front in Fe3O4 is 





Figure 32 Quantitative line scan and associated atomic percent of elements of interest in synthetic melt glass-FeO 
diffusion boundary 675 °C in H5 
 
 The maximum diffusion depths of iron, silicon, sodium, and calcium for iron-synthetic melt glass 
diffusion couples run in H5 are shown in Table 14. Sodium and calcium diffusion into each of the 
matrices across the range of temperatures is negligible. As discussed above, very large amounts of silicon 
are seen to diffuse deeply within each of the iron matrices at 675 °C. As with the other atmospheres, the 
increase in silicon diffusion at this temperature is likely due to the formation of an iron-silicate species 
like fayalite. As fayalite preferably forms in reducing conditions in both natural and laboratory synthesis, 
a large front of silicon from the emergence of fayalite is favorable. This suggests that the silicon seen 
deep into the iron matrix is not from the diffusion of elemental Si, but rather the formation of a reaction 
layer, extending deep into the iron matrix. The favorable formation conditions lead to an especially large 
reaction front in these samples. While large amounts of silicon diffusion are seen in each iron species, the 
largest is seen in FeO, about half the diffusion seen in FeO is seen in Fe, followed by significant 
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this temperature for the cationic species is +2 >> +2/3 > + 3. In this atmosphere Fe3O4 appears to act more 
like Fe2O3 than FeO, suggesting it is dominated by its Fe(III) oxidation state for silicon diffusion. The 
diffusion of iron into the synthetic melt glass does not follow clear Arrhenius-like trends. Diffusion in this 
system may be driven by silicon diffusing into iron and not vice versa, or diffusion is not occurring when 
instead a reaction occurs between the samples to form a layer of fayalite.  The formation of fayalite 
occurs on the side of the interface with the iron starting species. With the non-Arrhenius trends in iron 
diffusion, activation energies were indeterminate. 
 
Table 14 Maximum Diffusion of Fe, Si, Na, Ca in Iron-Synthetic Melt Glass Diffusion Couples in 5% H 
Maximum Fe Diffusion into Synthetic 
Urban Glass Matrix (µm) 
Maximum Si Diffusion into Iron Matrix 
(µm) 
  650° C 675° C 700° C   650° C 675° C 700° C 
Fe/Glass 47.3 21.9 16.4 Fe/Glass 46.2 632.3 50.0 
Glass/FeO 41.8 9.5 30.1 Glass/FeO 20.9 1086.0 11.6 
Fe3O4/Glass 8.2 0.0 26.7 Fe3O4/Glass 14.3 133.1 13.0 
Glass/Fe2O3 34.9 0.0 15.8 Glass/Fe2O3 4.5 99.8 16.4 
        
                
Maximum Na Diffusion into Iron Matrix 
(µm) 
Maximum Ca Diffusion into Iron Matrix 
(µm) 
  650° C 675° C 700° C   650° C 675° C 700° C 
Fe/Glass 21.6 0.0 0.0 Fe/Glass 0.0 9.5 3.4 
Glass/FeO 6.8 0.0 2.4 Glass/FeO 10.2 0.0 2.7 
Fe3O4/Glass 14.3 6.5 0.0 Fe3O4/Glass 5.5 10.3 0.0 
Glass/Fe2O3 12.7 0.0 13.7 Glass/Fe2O3 12.3 16.4 7.5 
 
3.4.2.2 Iron-Synthetic Urban Melt Glass in 5% Hydrogen Diffusion Couples 
The stitched SEM images of the sample stacks run for the iron-synthetic urban melt glass 
diffusion couples in H5 are shown in Figure 33. The synthetic urban melt glass maintains its pellet shape 
and does not flow freely as with the other atmospheres. Figure 33b shows that for the 675 °C heat 
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treatment part of the sample was lost during the mounting process, but enough remains to perform 
diffusion analysis. The oxide samples appear to have interacted and possibly adhered to one another. 
While there was interaction seen between the iron metal and the synthetic urban melt glass, they do not 
appear to be bonded together like the oxides. No oxidation appears to occur within the sample stacks 





Figure 33 Stitched SEM images of iron/synthetic urban melt glass diffusion couples in 5% hydrogen at a) 650 °C b) 675 
°C and c) 700 °C 
 
 An example interface of the iron-synthetic urban melt glass diffusion couples run in the reducing 
H5 atmosphere is shown in Figure 34. Small inclusions of glass can be seen within the primarily cement-
like region (indicated by the high amounts of calcium). A quantitative line scan taken through this 
interface is shown in Figure 35. In this particular line scan, silicon diffuses 66.4 micrometers into the 
FeO. The diffusion of silicon from the synthetic urban melt glass into FeO is not as significant as that 
from synthetic melt glass, as the diffusion remains fairly constant at 1 atomic percent throughout 
diffusion. Large amounts of silicon diffusion are seen in both the Fe and FeO matrices at 650 and 675 °C.  
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Figure 35 Quantitative line scan and associated atomic percent of elements of interest in synthetic urban melt glass-FeO 
diffusion boundary 650 °C in H5 
 
 The maximum diffusion of iron, silicon, sodium, and calcium into either the synthetic urban melt 
glass or iron matrices are shown in Table 15. While sodium and calcium have shown negligible diffusion 
into the iron matrices under each of the other conditions shown, a significant amount of sodium appears to 
diffuse into FeO at 650 and 675 °C. In these cases, sodium appears to trend with the silicon diffusion. 
This is a possible indicator of melt glass formed under reducing conditions with urban materials at lower 
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spikes at 675 °C. This is again likely not diffusion of silicon, but the reaction between silicon and iron to 
form a layer of fayalite. As with the synthetic melt glass samples run in H5, iron diffusion does not 
behave Arrheniusly and activation energies are indeterminate.  
 
Table 15 Maximum Diffusion of Fe, Si, Na, Ca in Iron-Synthetic Urban Melt Glass Diffusion Couples in 5% H in Argon 
Maximum Fe Diffusion into Synthetic 
Urban Glass Matrix (µm) 
  
Maximum Si Diffusion into Iron Matrix 
(µm) 
  650° C 675° C 700° C     650° C 675° C 700° C 
Fe/Glass 87.4 206.8 17.8  Fe/Glass 13.4 893.1 26.7 
Glass/FeO 131.8 309.5 17.1   Glass/FeO 298.6 286.5 6.9 
Fe3O4/Glass 32.5 36.8 25.3  Fe3O4/Glass 21.4 28.1 10.3 
Glass/Fe2O3 108.8 71.3 19.2   Glass/Fe2O3 67.9 18 15.8 
         
                  
Maximum Na Diffusion into Iron Matrix 
(µm) 
 Maximum Ca Diffusion into Iron Matrix 
(µm) 
  650° C 675° C 700° C     650° C 675° C 700° C 
Fe/Glass 3.4 15.3 5  Fe/Glass 3.4 15.3 26.7 
Glass/FeO 164.1 407.4 6.2   Glass/FeO 0.0 0.0 0.0 
Fe3O4/Glass 21.4 28.1 23.3  Fe3O4/Glass 0.0 71.3 0.0 
Glass/Fe2O3 67.9 24.6 0.0   Glass/Fe2O3 14.0 5.7 0.0 
 
The samples run in the reducing H5 atmosphere do not experience some of the trends as those 
experienced in air and argon. No oxidation of the iron metal is seen, crystalline needle-like calcium 
structures do not occur in the synthetic melt glass, and diffusion is generally inhibited. Many of the 
samples previously discussed experienced increases in silicon diffusion at 675 °C, but it is most dramatic 
in the synthetic melt glass diffusion couples run in H5. The diffusion of silicon is seen to the opposite 
edge of the sample in FeO, to over 600 micrometers in iron metal, and ~125 micrometers in Fe3O4. The 
deep diffusion of silicon is also seen in the synthetic urban melt glass sample at 675 °C for iron metal and 
FeO. The iron-silicate species that forms at 675 °C appears to be most mobile in iron species in reducing 
atmospheres. The synthetic urban melt glass in H5 diffusion couples are also the only samples that 
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experienced any meaningful sodium diffusion, tracking with the silicon diffusion. Iron diffusion in the 
samples run in H5 did not show Arrhenius-like behavior, so activation energies were not determined; they 
were also significantly lower than iron diffusion into the glass matrices in the other atmospheres.  
3.4.4 Atmospheric Differences 
A general comparison of the average behavior of iron and silicon diffusion in the three 
atmospheres studied is presented in this section.  Oxidation of the iron metal within the sample stacks is 
seen for samples run in air.  Oxidation is not observed under reducing the H5 atmosphere. The formation 
of needle-like structures of calcium within the synthetic melt glass occurs in air and argon, but not in H5. 
In each of the atmospheres, the synthetic melt glass softens and begins to flow over the edges of the other 
samples, while the synthetic urban melt glass is more robust and does not soften due to the addition of the 
cement, which has a melting point greater than 1000 °C. The addition of cement to the matrix makes melt 
glass more robust and reduces the flow of the sample to fill cracks and defects.   
Figure 36 and Figure 37 compare the diffusion of iron and silicon diffusion from each interface 
into either the synthetic melt glass or iron species in each of the atmospheres at 700 °C. These 
comparisons do not take into account the large diffusion of silicon in various conditions at 675 °C, which 
does not remain at the higher temperature. For the diffusion of iron into synthetic melt glass in Figure 38, 
iron shows slightly higher diffusion from Fe, Fe3O4, and Fe2O3 in argon than in air, while the opposite is 
true for FeO. In each of the iron species studies, diffusion into the synthetic melt glass is 2-3 times lower 




Figure 36 Atmospheric comparison of Fe diffusion into synthetic melt glass at 700 °C 
The diffusion of silicon from the synthetic melt glass into each of the iron species in the various 
atmospheres is illustrated in Figure 37. High diffusion, with averages near 50 micrometers and significant 
variances up to over 100 micrometers, is seen for silicon into Fe and FeO in air. The large error on the 
metal interface in air is due to the large differences in diffusion between the areas of interest. This may be 
due to differences in the thickness of the oxidation layer at different points in the interface. The same 
interfaces see no diffusion in argon, and 28 and 5 micrometers of average diffusion distances in H5. In 







































Figure 37 Atmospheric comparison of Si from synthetic urban melt glass diffusion in iron matrices at 700 °C 
 
The diffusion of iron and silicon within the synthetic urban melt glass diffusion couples in each of 
the three atmospheres studies is presented in Figure 38 and Figure 39. The addition of cement to the glass 
matrix appears to significantly reduce the diffusion of iron into the melt glass. The larger proportion of 
calcium inhibits iron diffusion. Furthermore, the addition of cement reduces the formation of a fayalite 
layer, which can present as diffusion of silicon into the iron.  Figure 38 shows that the diffusion of iron 
from each of the matrices is significantly lower than its counterpart in the synthetic melt glass in air and 
argon, nearly 75-100 micrometers less. Diffusion of the iron species in the reducing H5 atmosphere does 
not appear to be as impacted by the addition of cement, as the iron diffusion is close to being within the 
standard deviations of one another. The diffusion of iron into the synthetic urban melt glass is low for 
each of the atmospheres and initial iron species, and therefore no clear trends are present with the 
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Figure 38 Atmospheric comparison of Fe diffusion into synthetic urban melt glass at 700 °C 
 
The addition of cement to the synthetic melt glass matrix greatly reduces the diffusion of iron into 
the glass matrix, but in the air, the diffusion of silicon into iron is increased by the addition of cement to 
the sample. The diffusion of silicon into the iron oxides is increased by a factor of 2-5 with the addition of 
cement to the matrix for samples run in the air atmosphere. The diffusion of silicon into iron metal 
experiences the greatest increase from synthetic melt glass to synthetic urban melt glass, with an average 
of 350 micrometers, compared to 75 micrometers. The diffusion of silicon into any of the iron species 



































Figure 39 Atmospheric comparison of Si from synthetic urban melt glass diffusion in iron matrices at 700 °C 
 
The differences in behavior between the diffusion couples performed in each atmosphere present 
possibly useful forensic signatures. The presence of oxidation layers on iron metal indicates that the melt 
glass was formed in an oxidizing atmosphere. No oxidation on iron metal indicates an inert or reducing 
atmosphere during melt glass formation. Also present during samples formed in air or argon but not in H5 
is needle-like calcium structures that are often collocated with iron. In urban melt glass formed in the air, 
the amount of diffusion observed for silicon into the iron matrix may be a useful indicator of initial iron 
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over a range of temperatures. All synthetic melt glass samples were softened during heat treatment, while 
the addition of cement in the synthetic urban melt glass stabilized the sample pellet form. Oxidation of the 
iron metal was observed in samples under air and argon atmospheres. Samples run in air and argon also 
formed calcium-rich needle-like structures near the surface of the glass that was often collocated with 
iron. Little to no sodium and calcium diffusion into the iron species was seen across the range of 
conditions. Except for silicon diffusion into the Fe metal and a FeO interface, diffusion is decreased by 
the addition of cement to the synthetic melt glass matrix.  
Diffusion does not display Arrhenius-like behavior with temperature in these systems due to chemical 
reactions between the interfaces. Diffusion distances and trends can be correlated to the atmospheric 
conditions. Iron species into the synthetic melt glass and synthetic urban melt glass experience similar 
diffusion depths between air and argon, but a significant decrease occurs in 5% hydrogen in argon. The 
largest diffusion for silicon from synthetic melt glass and synthetic urban melt glass into the iron species 
is greatest for air, followed by the 5% hydrogen in argon, with the smallest diffusion occurring in argon. 
The silicon diffusion from synthetic urban melt glass is extremely high for the air atmosphere.  
Some trends can be observed from the diffusion into and from each of the iron species. The diffusion 
of silicon in the iron species is much larger into iron metal than the oxides in air and 5% hydrogen in 
argon. In argon, the diffusion depth into the oxides is comparable and no diffusion occurs into iron metal. 
The diffusion of iron into the synthetic melt glass is highest from iron metal and similar for all of the 
oxides in air and argon.  
Activation energies were determined using the Arrhenius equation for both sets of diffusion couples 
run in the air atmosphere, and for the synthetic urban melt glass diffusion couples run in the argon. The 
largest activation energy determined was for Fe metal and Fe2O3 diffusion in synthetic urban melt glass in 
argon. Activation energies were indeterminate for the synthetic urban melt glass diffusion couple in argon 
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and both of the series of diffusion couples performed in 5% hydrogen in argon due to the small diffusion 




Chapter 4 Interactions of Uranium Species with Synthetic Melt Glass and Synthetic Urban 
Melt Glass 
4.1 Abstract 
Diffusion of various uranium species in contact with synthetic melt glass matrices were evaluated 
in oxidizing, inert, and reducing conditions over a range of temperatures. Oxidation of the metal samples 
within the diffusion couples was seen in air and argon, and in the reducing 5% hydrogen atmosphere a 
uranium hydride layer was formed. The diffusion of uranium species into the synthetic melt glass and 
synthetic urban melt glass does not follow any Arrhenius-like trend with temperature. A highly mobile 




 In this chapter, the interactions of various uranium species with synthetic melt glass and synthetic 
urban melt glass are considered. Uranium, atomic number 92, is an actinide element found in small 
concentrations in rocks, soils, and saltwater, making up approximately 0.0004% of the crust81. 
While not nearly as common as many other metals, uranium is important for its radiological and nuclear 






Table 16 Naturally occurring uranium isotopes82
Mass Atomic Percent 
Occurrence 
Half-life (years) 
238 99.27 9 
235 0.72 8 
234 0.005 5 
 
 The most abundant uranium isotope, with 99.27 atomic percent abundance, is 238U. While 235U 
makes up less than 1% of the naturally occurring isotopes, it is especially important because it is 
fissionable by slow neutrons, releasing large amounts of energy and neutrons that are capable of 
continuing chain reactions. This isotope makes both possible nuclear power generation and the atomic 
bomb and is thus the most desirable of the uranium isotopes83.  
 Uranium is capable of existing in numerous valence states, most commonly +3, +4, +5, and +6, 
leading to a large number of possible compounds, especially oxides. While 13 uranium oxides are known 
to exist83, UO2, U3O8, and UO3 are of the most important. The phase diagram for the uranium-oxygen 




Figure 40 Phase diagram of the U-O system84 
 
Uranium dioxide (UO2) is the most commonly studied of the uranium oxides due to its use as fuel 
for nuclear power generation. It is a black powder with a face-centered cubic fluorite crystal structure. 
Uranium dioxide can be synthesized from triuranium octoxide (U3O8) or uranium trioxide (UO3), with a 
hydrogen reduction at temperatures between 800 and 1100 °C84.  Triuranium octoxide is the most stable 
o -triuranium octoxide is formed by the 
oxidation of UO2 in the air above temperatures of 800 °C, -U3O8 requires additional heating above 
1350 °C, followed by very slow cooling at a rate of 100 K/day85,86. Triuranium octoxide is olive green to 
black and can be used as a precursor to uranium hexafluoride during the enrichment of uranium. Uranium 
trioxide is a usually yellow-orange powder that can exist in seven unique structures84. During the PUREX 
method, UO3 is produced by heating uranyl nitrate87. It can also be produced by the oxidation of U3O888.   
 Since uranium and uranium oxides were studied in the presence of glass materials, it is also 
important to consider uranyl silicate minerals as well as the uranium silicon system. There are many 
uranyl silicates present in minerals. Soddyite, (UO2)2SIO4 2H2O, a uranyl silicate with yellow crystals, 
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has a U: Si ratio of 2:1 where each silicon tetrahedron shares two edges with uranyl groups. Uranophane, 
Ca(UO2)2(SiO3OH)2 5H2O, has two polymorphs with varying crystal structure and stability. This calcium 
uranyl silicate is common in oxidized uranium deposits84. Evidence suggests that the commonality of 
these uranyl silicates makes them important to controlling the concentrations of uranium in 
groundwater89. Uranyl silicates with a U: Si ratio of 1:3 like weeksite (K2(UO2)2Si6O15 2H2O) and 
haiweeite (Ca[(UO2)2Si5O12(OH)2 H2O), are found in silicon-rich environments and are seen during 
experimental aging and weathering of borosilicate waste glass90,91. Uranyl silicate minerals with a 1:1 or 
2:1 U: Si ratio show no evidence of polymerization, whereas in minerals with the 1:3 U: Si ratio chains of  
SiO4 tetrahedra begin to occur and polymerization occurs as the ratio approaches 1:492 94.  
The speciation, conditions of formation, and mobility of uranium in nuclear melt glasses has been 
studied in several papers. The redox chemistry of synthetic silicates glasses with uranium and 
plutonium52,95 97, as well as that of melt glass produced by nuclear weapons testing50,53, has been studied. 
Melt glass from the Nevada National Security Site shows that iron signatures can indicate the redox 
conditions during detonation50, as well as act as a buffer for the redox state of uranium and plutonium in 
glass52 54. Uranium in melt glass from a mixed-actinide detonation shows a mixture of U(IV) and U(VI), 
while the debris from a uranium only fueled detonation contains over 60% U(VI) 55. Unburned actinide 
fuel from a detonation is present in melt glass at µg/g concentrations98. In addition to the residual 
actinides, chemical signatures of the detonation can be present in the melt glass, including the 
composition of components of the device, such as the tamper, and characteristics of the local geology4,98. 
Weathering of melt glass can convert U(IV) to U(VI)99.  
In considering the interactions of uranium species with synthetic melt glass the diffusion of 
uranium and silicon will be observed. The transport and diffusion of uranium have been studied within 
clays, granites, zeolites, and iron oxyhydroxides100 105. The transport and diffusion of uranium with 
silicates and glass materials have not been as extensively studied because it does not pertain to 
environmental transport issues. The effect of a silicon layer on the diffusion between aluminum and 
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uranium has been shown to act as a barrier between the two materials, where silicon will continually build 
up eventually forming a USi2 layer106. The diffusion of several metals has been studied in bcc uranium 
metal, and results show that cobalt and iron diffuse very quickly though uranium, and the addition of 
cobalt also leads to an increase in self-diffusion of uranium107. The uranium-silicon system has been 
studied for diffusion at temperatures of 650-900 °C for multiple days, showing the formation of a uranium 
disilicide, USi2, layer108. The diffusion interaction zone and USi2 layer are seen in Figure 41. 
 
 
Figure 41 Uranium-silicon interaction zone showing USi2 diffusion layer seen by Lebedev et al108 
 
4.3 Experimental 
To study the interaction of various uranium species with synthetic melt glass and synthetic urban 
melt glass, diffusion couples were assembled and heat-treated. Uranium metal and the uranium oxides, 
UO2, UO3, and U3O8, were placed into contact with sintered pellets of synthetic melt glass or synthetic 
84 
 
urban melt glass. Uranium oxide, synthetic melt glass pellets, and uranium metal disks were prepared as 
described in sections 2.6 and 2.7. Production of the uranium diffusion couple chamber is described in 
section 2.7.1. Conditions for the uranium diffusion couples are described in Table 17
represents synthetic melt gla -
treated for one week and the temperature was monitored with an external, NIST-calibrated thermocouple. 
Heat-treatments for the uranium diffusion couples were performed at higher temperatures than the iron 
diffusion couples due to the larger barrier to diffusion between uranium and the synthetic melt glass 
matrices. Air, argon, and 5% hydrogen in argon were chosen as atmospheres so the samples could be 
studied in oxidizing, inert, and reducing conditions.  
 
Table 17 Uranium diffusion couple conditions 
Sample Stack Temperature Atmosphere 
Ta/U/Glass/UO2/Ta/UO3 /Glass/U3O8 700 °C Air 
Ta/U/Glass/UO2/Ta/UO3 /Glass/U3O8 725 °C Air 
Ta/U/Glass/UO2/Ta/UO3 /Glass/U3O8 750 °C Air 
Ta/U/UMG/UO2/Ta/UO3 /UMG/U3O8 700 °C Air 
Ta/U/UMG/UO2/Ta/UO3 /UMG/U3O8 725 °C Air 
Ta/U/UMG/UO2/Ta/UO3 /UMG/U3O8 750 °C Air 
Ta/U/Glass/UO2/Ta/UO3 /Glass/U3O8 700 °C Argon 
Ta/U/Glass/UO2/Ta/UO3 /Glass/U3O8 725 °C Argon 
Ta/U/Glass/UO2/Ta/UO3 /Glass/U3O8 750 °C Argon 
Ta/U/UMG/UO2/Ta/UO3 /UMG/U3O8 700 °C Argon 
Ta/U/UMG/UO2/Ta/UO3 /UMG/U3O8 725 °C Argon 
Ta/U/UMG/UO2/Ta/UO3 /UMG/U3O8 750 °C Argon 
Ta/U/Glass/UO2/Ta/UO3 /Glass/U3O8 700 °C 5% Hydrogen in Argon 
Ta/U/Glass/UO2/Ta/UO3 /Glass/U3O8 725 °C 5% Hydrogen in Argon 
Ta/U/Glass/UO2/Ta/UO3 /Glass/U3O8 750 °C 5% Hydrogen in Argon 
Ta/U/UMG/UO2/Ta/UO3 /UMG/U3O8 700 °C 5% Hydrogen in Argon 
Ta/U/UMG/UO2/Ta/UO3 /UMG/U3O8 725 °C 5% Hydrogen in Argon 
Ta/U/UMG/UO2/Ta/UO3 /UMG/U3O8 750 °C 5% Hydrogen in Argon 
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As with the iron diffusion couples, tantalum is placed in between samples where interaction is not 
desired. Tantalum is also added as a sleeve around the samples to make a tighter fit in the chamber for the 
samples. This tantalum sleeve also creates a pathway for the epoxy to fill to secure the sample after heat-
treatment, before cutting and preparing for SEM analysis.  
Several quantitative line scans were performed on every interface for each sample. The maximum 
diffusion observed for each of the interfaces is presented in this chapter. The average diffusion for each 
interface is discussed in the Atmospheric Differences section of this chapter, and the full data for the 
average diffusion of each interface is presented in Appendix B. The maximum diffusion was determined 
in each sample by finding the distance from the interface to the last point taken where the element of 
interest has an atomic percent of at least 2 or more or was clearly represented in the EDS spectra. 
 
4.4 Results and Discussion 
The following sections describe the results of diffusion couple studies of synthetic melt glass and 
synthetic urban melt glass with various uranium species. Results are presented for diffusion couples 
performed in air, argon, and 5% hydrogen in argon atmospheres. The results for synthetic melt glass and 
synthetic urban melt glass are discussed separately for each atmosphere. 
4.4.1 Air Diffusion Couples 
Uranium diffusion couples run in air were sealed on the benchtop in a vacuum nipple assembly 
using a copper gasket. The sample stacks were sealed to limit the amount of atmosphere present so that 
the air was not continuously replenishing throughout the heat treatment.  
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4.4.1.1 Uranium-Synthetic Melt Glass in Air Diffusion Couples
 The stitched SEM samples for the uranium-synthetic melt glass diffusion couples run in air are 
seen in Figure 42. Though it is not clear in the 750 °C image, an oxidation layer formed on the surface of 
the uranium metal in each sample. Clear differences can be seen in the morphology of each of the 
uranium oxides. The synthetic melt glass will soften during the heat-treatment, but does so homogenously 
and hardens back into pellet shape as the sample is cooled.  
 
a b c
Figure 42 Stitched SEM images of the uranium/synthetic melt glass diffusion couples in air at a) 700 °C b) 725 °C and c) 
750 °C 
 
A typical sample interface is shown in Figure 43 of the UO3-synthetic melt glass boundary. The 
image on the left is the image taken by the SEM, while the image on the right shows the EDS maps of 






Figure 43 Example SEM image and element maps of UO3-synthetic melt glass boundary heat-treated in air at 725 °C 
 
The maps of the diffusion boundary show the concentration of the elements of interest on a 
grayscale. While not as clearly defined as the synthetic melt glass in the iron diffusion couples seen in 
Chapter 3, some amount of a needle-like structure forming within the calcium can be observed.  
To determine the amount of diffusion that occurs between two samples in contact, a quantitative 
line scan is taken within the image. The example shown in Figure 44 shows the same interface as Figure 
43. In a quantitative line scan, the atomic percent of each element of interest is determined at each point 
across a manually-drawn line of points across the interface. The atomic percent of each element is plotted 
against the distance in micrometers from the interface, which is determined visually from the line scan as 
described in Section 2.8.1. This particular interface shows no diffusion of uranium into the synthetic melt 
glass. Silicon from the synthetic melt glass diffused 23.6 micrometers into the UO3, while sodium and 





Figure 44 Example quantitative line scan and associated atomic percent of elements of interest from UO3-synthetic melt 
glass boundary heat-treated in air at 725 °C 
 
Quantitative line scans were taken across each diffusion boundary, often consisting of multiple 
lines scans within multiple areas of interest; the maximum observed diffusion depth was taken as a 
representative of the diffusion of uranium into the synthetic melt glass and the glass components (silicon, 
sodium, and calcium) into the uranium matrix. The maximum diffusion of the elements of interest in the 
uranium-synthetic melt glass diffusion couples in air is seen in Table 18. For each of the interfaces 
studied, negligible amounts of diffusion of uranium are seen into the synthetic melt glass matrix. 
Inconsistent amounts of diffusion are seen for silicon into the uranium matrices, with the least diffusion 
seen in the uranium dioxide interface. Small amounts of diffusion are also seen for sodium and calcium 
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Table 18 Maximum Diffusion of U, Si, Na, Ca in Uranium-Synthetic Melt Glass Diffusion Couples in Air
Maximum U Diffusion into Synthetic Glass 
Matrix (µm) 
  
Maximum Si Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 10.8 4.6 0.0  U/UMG 58.2 30.2 0.0 
UMG/UO2  0.0 0.0 0.0   UMG/UO2  0.0 25.6 31.4 
UO3/UMG 5.9 0.0 6.4  UO3/UMG 73.4 23.6 6.4 
UMG/U3O8 5.1 0.0 14.2   UMG/U3O8 41.2 0.0 38.3 
         
                  
Maximum Na Diffusion into Uranium 
Matrix (µm) 
 Maximum Ca Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 33.9 45.6 7.9  U/UMG 0.0 45.6 0.0 
UMG/UO2  0.0 0.0 8.9   UMG/UO2  2.9 18.5 0.0 
UO3/UMG 5.9 12.3 6.4  UO3/UMG 0.0 12.3 6.4 
UMG/U3O8 10.2 7.2 24.0   UMG/U3O8 12.2 7.2 0.0 
 
Activation energies for the diffusion of uranium into the synthetic melt glass were not calculated 
using the Arrhenius equation due to the negligible diffusion of uranium seen in the diffusion couples run 
in air.  
4.4.1.2 Uranium-Synthetic Urban Melt Glass in Air Diffusion Couples 
The stitched SEM images of the sample stacks run for the uranium-synthetic urban melt glass 
diffusion couples run in air are shown in Figure 45. The formation of an oxide layer can be seen on the 
uranium metal in Figure 45b and Figure 45c. Clear differences can be seen in the morphology of each of 
the uranium oxides. Within the synthetic urban melt glass, it can be seen that there are different regions 
dominated by glass-like or cement-like compositions. The cement-like regions can be identified by the 
stronger presence of calcium. Effort was made to take quantitative line scans through each of these 




Figure 45 Stitched SEM images of the uranium/synthetic urban melt glass diffusion couples in air at a) 700 °C b) 725 °C 
and c) 750 °C 
 
An example diffusion boundary of the UO2-synthetic urban melt glass heat-treated at 750 °C in 







Figure 46 Example SEM image and element maps of UO2-synthetic urban melt glass boundary heat-treated in air at 750 
°C 
 
Figure 47 shows a quantitative line scan through the synthetic urban melt glass-UO2 boundary of 
the interface shown in Figure 46. In this interface, uranium from the UO2 pellet shows no diffusion in the 
synthetic urban melt glass. Silicon from the synthetic urban melt glass diffuses 69.5 micrometers into the 
UO2. Sodium from the synthetic urban melt glass experiences a minimal diffusion of 4.9 micrometers. 
Calcium from the synthetic urban melt glass is observed to have a maximum diffusion of 15.5 






Figure 47 Example quantitative line scan and associated atomic percent of elements of interest from synthetic urban melt 
glass/UO2 boundary heat-treated in air at 750 °C 
 
In several cases with uranium, the atomic percent of calcium is artificially enhanced due to peak 
overlap between the 3.690 calcium K-shell x-ray and the 3.728 uranium M-shell peak. For example, in 
Figure 48 the INCA software assigned this spectrum (from spectrum 8 of the quantitative line scan 
performed in Figure 47) with 4.7% calcium when there is no indication of the calcium peak at 3.690 keV, 
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inspected to determine if there was a calcium peak within the uranium peak. This method was applied to 
determine the depth of diffusion of calcium within each line scan.  
 
 
Figure 48 Energy dispersive x-ray spectrum produced by INCA during quantitative line scan 
 
 The maximum observed diffusions of uranium, silicon, sodium, and calcium into either uranium 
or synthetic urban melt glass matrices for the diffusion couples run in air are shown in Table 19. For each 
of the glass components of interest (silicon, sodium, and calcium), the greatest amount of diffusion is 
observed in the UO2 matrix. Little diffusion of either sodium or calcium is detected into any of the 
uranium matrices, except for calcium into the UO2 matrix. The diffusion of silicon is the largest in UO2, 
increasing with temperature. Small amounts of silicon diffusion are observed for U metal and U3O8. 
While the diffusion of silicon into the UO2 is the largest of any of the glass components, the converse 
diffusion of uranium into the synthetic urban melt glass is negligible from this matrix, indicating that 
diffusion only occurs in one direction. The diffusion from the other uranium matrices increases as 
expected with temperature, and increases most dramatically from UO3, reaching a maximum diffusion 
depth of 175 micrometers.  
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Table 19 Maximum Diffusion of U, Si, Na, Ca in Uranium-Synthetic Urban Melt Glass Diffusion Couples in Air
Maximum U Diffusion into Synthetic 
Urban Glass Matrix (µm) 
  
Maximum Si Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 0.0 15.1 81.7 
 
U/UMG 6.2 0.0 20.0 
UMG/UO2  5.5 0.0 0.0   UMG/UO2  13.6 63.6 86.0 
UO3/UMG 32.1 1.9 175.4 
 
UO3/UMG 11.6 1.9 9.5 
UMG/U3O8 4.1 8.9 34.4   UMG/U3O8 0.0 2.7 26.2          
                  
Maximum Na Diffusion into Uranium 
Matrix (µm) 
 
Maximum Ca Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 0.0 0.0 0.0 
 
U/UMG 0.0 0.0 0.0 
UMG/UO2  4.8 8.6 4.9   UMG/UO2  2.4 58.6 60.4 
UO3/UMG 24.6 1.9 0.0 
 
UO3/UMG 9.6 6.9 9.5 
UMG/U3O8 0.0 2.4 15.6   UMG/U3O8 0.0 2.4 0.0 
 
 As discussed in the Iron-Synthetic Melt Glass in Air Diffusion Couples section of Chapter 3 the 
average diffusion within each interface can be applied to the Arrhenius equation to find the activation 
energy of each reaction. This cannot be applied to the glass components but can be performed for the 
uranium species when sufficient amounts of diffusion are observed. The activation energies for the 
diffusion of the uranium species into the synthetic urban melt glass in air are summarized in Table 20. 
The activation energy for the diffusion of UO2 into the synthetic urban melt glass in air was not calculated 
due to the negligible amount of diffusion observed. The activation energies of UO3 and U3O8 are similar, 
likely due to a shared oxidation state. The diffusion of uranium metal into the synthetic urban melt glass 
is calculated to have an activation energy of 0.548 kJ/mol. The activation energy of the diffusion of 
uranium metal into synthetic urban melt glass is more than double that of UO3 and U3O8. The energy 
barrier for the diffusion of the metal is much higher than for the oxides, indicating that initiating diffusion 
is less probable in this interface. 
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Table 20 Activation Energy of Uranium Species Diffusion in Air
Activation Energy of Uranium Species Diffusion Into Synthetic Urban Melt Glass Matrix 
Uranium Species U Oxidation State Slope Activation Energy (kJ/mol) 
U 0 -65.92 0.548 
UO2 4 n/a n/a 
UO3 6 -22.02 0.183 
U3O8 +5, +6 -25.57 0.213 
 
4.4.2 Argon Diffusion Couples 
Diffusion couples run in argon were assembled and sealed into the nipple assembly in an argon 
glove box to perform samples in an inert atmosphere. Once properly sealed, they were removed from the 
glovebox and run in a muffle furnace on the benchtop.  
4.4.2.1 Uranium-Synthetic Melt Glass in Argon Diffusion Couples 
The stitched SEM images of the sample stacks run for the uranium-synthetic melt glass diffusion 
couples run in argon are shown in Figure 49. 
a b c
Figure 49 Stitched SEM images of the uranium/synthetic melt glass diffusion couples in argon at a) 700 °C b) 725 °C and 




An example of the synthetic melt glass-U3O8 diffusion boundary from the diffusion couple heat-
treated in argon at 750 °C is shown in Figure 50. Needle-like formations of calcium can again be seen in 
the synthetic melt glass. There is good contact between the two samples, making diffusion possible 




Figure 50 Example SEM image and element maps of synthetic melt glass-U3O8 boundary heat-treated in argon at 750 °C 
  
Figure 51 shows a quantitative line scan through the synthetic melt glass- U3O8 boundary of the 
interface shown in Figure 50. In this interface, uranium from the U3O8 pellet shows no diffusion into the 
synthetic melt glass. Silicon and sodium from the synthetic melt glass are observed with maximum 
diffusion depths of 82.6 and 36.8 micrometers into the U3O8, respectively. Calcium is not observed to 




Figure 51 Example quantitative line scan and associated atomic percent of elements of interest from synthetic melt 
glass/U3O8 boundary heat-treated in argon at 750 °C 
 
The maximum diffusions of uranium, silicon, sodium, and calcium into either uranium or 
synthetic melt glass matrix for the diffusion couples run in argon are shown in Table 21. An anomaly 
appears to be present for the diffusion of silicon into uranium metal at 700 °C, showing up to 264 
micrometers of diffusion. This trend does not continue with temperature. The diffusion of silicon from the 
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amount of diffusion into the U3O8 at 82 micrometers. Calcium from the synthetic melt glass shows 
negligible diffusion into any of the uranium matrices. Sodium negligibly diffusions into the uranium 
metal, shows minimal diffusion into UO2 and UO3, and experiences the most diffusion in an argon 
atmosphere into the U3O8 matrix, reaching a maximum depth of 36 micrometers. Uranium from any of 
the species studied shows negligible diffusion into the synthetic melt glass in argon. 
 
Table 21 Maximum Diffusion of U, Si, Na, Ca in Uranium-Synthetic Melt Glass Diffusion Couples in Argon 
Maximum U Diffusion into Synthetic 
Urban Glass Matrix (µm) 
  
Maximum Si Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 24.6 9.5 0.0  U/UMG 264 0.0 9.8 
UMG/UO2  0.0 9.9 0.0   UMG/UO2  13.1 19.8 58 
UO3/UMG 17.4 21.1 2.1  UO3/UMG 16.4 4.8 42.5 
UMG/U3O8 0.0 0.0 0.0   UMG/U3O8 17.2 45.2 82.6 
         
                  
Maximum Na Diffusion into Uranium 
Matrix (µm) 
 Maximum Ca Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 0.0 0.0 4.9  U/UMG 0.0 0.0 4.9 
UMG/UO2  0.0 19.8 4.9   UMG/UO2  18.9 0.0 4.9 
UO3/UMG 0.0 4.8 20.1  UO3/UMG 0.0 0.0 20.1 
UMG/U3O8 12.3 36.7 36.8   UMG/U3O8 0.0 8.8 0.0 
 
The activation energies of uranium diffusion into synthetic melt glass in argon were not 
calculated due to the minimal amounts of uranium diffusion observed. However, some of the diffusion 





4.4.2.2 Uranium-Synthetic Urban Melt Glass in Argon Diffusion Couples
The stitched SEM images of the sample stacks run for the uranium-synthetic urban melt glass 
diffusion couples run in argon are shown in Figure 52. 
 
a b c 
Figure 52 Stitched SEM images of the uranium/synthetic urban melt glass diffusion couples in argon at a) 700 °C b) 725 
°C and c) 750 °C 
 
An example of the U metal-synthetic urban melt glass diffusion boundary from the diffusion 
couple heat-treated in argon at 750 °C is shown in Figure 52. A gap can be seen between the two samples, 
but they were in contact during the heat-treatment and separated because of thermal contraction on 
cooling. The majority of the area of interest is a calcium-rich, cement-like region of the synthetic urban 
melt glass. A triangular shape at the bottom of the area of interest is a glass-like region. An oxide layer 
with a thickness ranging from about 50 to 130 micrometers can be seen on the edge of the uranium metal. 
The formation of the oxide layer is due to the release of oxygen from the decomposition of uranium 





Figure 53 Example SEM image and element maps of U-synthetic urban melt glass boundary heat-treated in argon at 750 
°C 
 
Figure 54 shows a quantitative line scan through the uranium metal-synthetic urban melt glass 
boundary of the interface shown in Figure 53. This line-scan crosses through the cement-like region of the 
synthetic urban melt glass, as no glass-like areas were present at the surface. In this interface, uranium 
shows no diffusion into the synthetic urban melt glass, and sodium and calcium do not diffuse into the 
uranium metal. Silicon shows a small amount, 10.2 micrometers, of diffusion into the uranium metal. 
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Figure 54 Example quantitative line scan and associated atomic percent of elements of interest from U-synthetic urban 
melt glass boundary heat-treated in argon at 750 °C 
 
The maximum diffusions of uranium, silicon, sodium, and calcium into either uranium or 
synthetic urban melt glass matrix for the diffusion couples run in argon are shown in Table 22. In general, 
diffusion in argon is suppressed by the addition of cement to the synthetic melt glass. Uranium metal 
experiences a spike in diffusion at 725 °C to nearly 90 micrometers, and a similar, but not as dramatic, 
spike occurs for diffusion of UO3 to a depth of 37 micrometers. Otherwise, uranium diffusion into the 
synthetic urban melt glass in argon is minimal, and it is, therefore, difficult to identify trends or possible 
forensic signatures. The glass components for these samples also show little evidence of a trend in this 
atmosphere. For silicon and calcium, the diffusion peaks at 26 micrometers into UO3, but does not 
increase with temperature. Sodium has negligible diffusion into each of the uranium matrices studied, 
except for a spike to 22 micrometers into uranium metal at 725 °C. As with the synthetic melt glass- 
uranium diffusion couples run in argon, uranium diffusion into the synthetic urban melt glass was too 
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Table 22 Maximum Diffusion of U, Si, Na, Ca in Uranium-Synthetic Urban Melt Glass Diffusion Couples in Argon
Maximum U Diffusion into Synthetic 
Urban Glass Matrix (µm) 
  
Maximum Si Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 0.0 87.0 46.2  U/UMG 0.0 14.4 10.2 
UMG/UO2  0.0 0.0 2.6   UMG/UO2  14.4 0.0 11.6 
UO3/UMG 0.0 37.6 5.4  UO3/UMG 26.5 24.6 6.1 
UMG/U3O8 41.5 0.0 0.0   UMG/U3O8 0.0 52.0 9.0 
         
                  
Maximum Na Diffusion into Uranium 
Matrix (µm) 
 Maximum Ca Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 0.0 36.9 0.0  U/UMG 0.0 21.2 0.0 
UMG/UO2  4.8 9.6 3.1   UMG/UO2  4.8 13.7 11.6 
UO3/UMG 0.0 0.0 6.1  UO3/UMG 26.5 13.0 0.0 
UMG/U3O8 18.4 4.2 36   UMG/U3O8 8.2 13.3 9.0 
 
4.4.3 5% Hydrogen in Argon Diffusion Couples 
Diffusion couples run in 5% hydrogen in argon (H5) were assembled and sealed into the nipple 
assembly in a glove bag purged with H5 to perform samples in a reducing atmosphere. Once properly 
sealed, they were removed from the glovebox and run in a muffle furnace on the benchtop.  
4.4.3.1 Uranium-Synthetic Melt Glass in H5 Diffusion Couples 
The stitched SEM images of the sample stacks for the uranium-synthetic melt glass diffusion 
couples run in 5% hydrogen in argon are shown in Figure 55. Deformation can be seen on the outer edges 






Figure 55 Stitched SEM images of the uranium/synthetic melt glass diffusion couples in 5% hydrogen in argon at a) 700 
°C b) 725 °C and c) 750 °C 
 
Figure 56 shows an example interface of the uranium metal-synthetic melt glass diffusion 
boundary run in H5 at 700 °C, with its associated elemental maps. The bright spots in the image on the 
left not accounted for in the element maps are due to the charging of the sample in the SEM, likely caused 
by too thin of a conductive coating on the sample. On the edge of the uranium metal, a deformed area can 
be seen. In air and argon atmospheres, this area was determined to be an oxide layer, as shown by the 
oxygen map. However, in this sample run in a reducing atmosphere, there is no greater concentration of 
oxygen in this area than the rest of the uranium sample. A study of uranium metal heated in a reducing 
hydrogen atmosphere showed the formation of a UH3 layer under a small layer of UO2, which is likely the 





Figure 56 Example SEM image and element maps of U-synthetic melt glass boundary heat-treated in 5% hydrogen in 
argon at 700 °C 
 
Figure 57 shows a quantitative line scan through the uranium metal-synthetic melt glass boundary 
of the interface shown in Figure 56. In this scan, uranium was found 179 micrometers into the synthetic 
melt glass. The diffusion of the silicon from the synthetic melt glass was observed up to 67 micrometers 
in the uranium metal, and calcium diffusion was detected 104 micrometers into the uranium metal. No 
diffusion was observed for sodium in this interface. Diffusion of uranium metal into the synthetic melt 
glass and silicon and calcium from the glass were high in each of the areas of interest studied for this 





Figure 57 Example quantitative line scan and associated atomic percent of elements of interest from U-synthetic melt 
glass boundary heat-treated in 5% hydrogen in argon at 700 °C 
 
The maximum diffusions of uranium, silicon, sodium, and calcium into either uranium or the 
synthetic melt glass matrix for the diffusion couples run in argon are shown in Table 23. The uranium 
metal and synthetic melt glass interface was observed to have extremely deep diffusion for uranium metal 
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uranium, silicon, and calcium are observed to have maximum diffusions of 198, 305, and 305 
micrometers, respectively. This is unexpected because the samples heat-treated in higher temperatures do 
not also experience large diffusion depths. This suggests a reaction between the uranium and synthetic 
melt glass occurring around 700 °C that possibly results in a highly mobile uranium-silicon-calcium 
species like haiweeite or uranophane. 
The diffusion of the uranium oxides into the synthetic melt glass in the reducing atmosphere over 
the range of temperatures was minimal compared to that of the metal. The diffusion of the glass species 
into the uranium matrices under reducing conditions produced data that exhibits no distinguishable trends, 
suggesting there is a weak correlation between temperature and diffusion, or that diffusion can be 
enhanced or inhibited by reactions between the samples.  
 
Table 23 Maximum Diffusion of U, Si, Na, Ca in Uranium-Synthetic Melt Glass Diffusion Couples in 5% Hydrogen in 
Argon 
Maximum U Diffusion into Synthetic 
Urban Glass Matrix (µm) 
  
Maximum Si Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 198.5 43.0 30.3  U/UMG 304.9 188.4 36.7 
UMG/UO2  58.9 0.0 0.0   UMG/UO2  49.2 68.0 47.5 
UO3/UMG 9.0 0.0 4.2  UO3/UMG 55.7 102.4 38.8 
UMG/U3O8 0.0 4.2 0.0   UMG/U3O8 25.6 39.9 38.8 
         
                  
Maximum Na Diffusion into Uranium 
Matrix (µm) 
 Maximum Ca Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 0.0 41.0 0.0  U/UMG 304.9 188.4 1.7 
UMG/UO2  0.0 114.7 27.7   UMG/UO2  99.2 132.1 13.9 
UO3/UMG 44.2 92.2 8.7  UO3/UMG 20.5 220.1 9.6 
UMG/U3O8 19.5 14.3 24.5   UMG/U3O8 49.2 27.7 0.0 
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4.4.3.2 Uranium-Synthetic Urban Melt Glass in H5 Diffusion Couples
The stitched SEM images of the sample stacks for the uranium-synthetic urban melt glass 
diffusion couples run in 5% hydrogen in argon are shown in Figure 58. While it is difficult to see the 
sample in Figure 58a, which is due to poor image quality for the stitched images, the interfaces were 
observable and EDS for determining diffusion depth was not affected. The large gap in Figure 58c is from 
the sample being split into 2 stacks due to partial loss of one sample during the mounting process.  
 
a b c
Figure 58 Stitched SEM images of the uranium/synthetic urban melt glass diffusion couples in 5% hydrogen in argon at 
a) 700 °C b) 725 °C and c) 750 °C 
 
Figure 59 shows an example interface of the uranium metal-synthetic urban melt glass diffusion 
boundary run in H5 at 700 °C with its associated elemental maps. Aluminum-rich, cement-like regions 
can be seen within the synthetic urban melt glass. No discernable macroscopic features can be seen 






Figure 59 Example SEM image and element maps of synthetic urban melt glass boundary-UO2 heat-treated in 5% 
hydrogen in argon at 750 °C 
 
Figure 60 shows a quantitative line scan through a predominantly glass-like region of the 
synthetic urban melt glass-UO2 boundary of the interface shown in Figure 59. Figure 61 shows a 
quantitative line scan through an area that is more cement-like within the same interface. The line scan 
through the glass-like region showed no uranium diffusion, 37.7 micrometers of silicon, 19.9 micrometers 
of sodium, and 22.1 micrometers of calcium diffusion into the UO2. The line scan crossing through the 
more cement-like region also showed no uranium diffusion. For the synthetic melt glass components, 38.5 
micrometers of silicon and 6.6 micrometers of calcium diffusion were observed. No diffusion was seen 
for sodium. A comparison between these two line scans indicates that uranium and silicon exhibit similar 
diffusion behavior when crossing through the glass and cement-like regions when the immediate interface 
is a glass-like region. Sodium and calcium both show reduced diffusion behavior when crossing through 
the cement-like region, implying that the cement-like areas do not interact as much with the UO2. The 
calcium and sodium may congregate in the cement-like area.  This is consistent with the behavior seen in 
the diffusion studies in other atmospheres where the diffusion couples run against synthetic urban melt 
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glass show less diffusion than those run against synthetic melt glass. The inhibition of diffusion by the 
addition of cement to the melt glass matrix is also observed for the iron diffusion couples run in Chapter 
3.  
Figure 60 Example quantitative line scan and associated atomic percent of elements of interest from synthetic urban melt 
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Figure 61 Example quantitative line scan and associated atomic percent of elements of interest from synthetic urban melt 
glass-UO2 boundary heat-treated in 5% hydrogen in argon at 750 °C. Line scan through the cement-like region. 
 
The maximum diffusions of uranium, silicon, sodium, and calcium into either one of the uranium 
matrices or the synthetic melt glass matrix for the diffusion couples run in argon are shown in Table 24. 
As was seen with the corresponding study with synthetic melt glass, uranium from the uranium metal 
interface experiences a large spike of diffusion into the synthetic urban melt glass for the 700 °C heat-
treatment. This further suggests the formation of a highly mobile uranium-silicate species at this 
temperature that is not formed at the higher temperatures. Besides this spike, uranium diffusion from each 
of the species appears to be mostly negligible, with a few sporadic samples showing significant diffusion. 
However, for the diffusion of silicon from the synthetic urban melt glass into the uranium metal, the large 
spike occurs at 725 °C and is also seen for calcium. Sodium and calcium appear to diffuse together in 
most of the interfaces. As was seen in the uranium-synthetic melt glass studies, diffusion and temperature 
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Table 24 Maximum Diffusion of U, Si, Na, Ca in Uranium-Synthetic Urban Melt Glass Diffusion Couples in 5% 
Hydrogen in Argon 
Maximum U Diffusion into Synthetic 
Urban Glass Matrix (µm) 
  
Maximum Si Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 161.5 22.4 16.4  U/UMG 51.7 216.7 33.7 
UMG/UO2  68.1 0.0 0.0   UMG/UO2  10.9 51.8 49.9 
UO3/UMG 0.0 86.4 29.4  UO3/UMG 71.2 53.4 18.9 
UMG/U3O8 71.5 47.7 0.0   UMG/U3O8 175.4 36.9 37.3 
         
                  
Maximum Na Diffusion into Uranium 
Matrix (µm) 
 Maximum Ca Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 69.5 31.5 34.7  U/UMG 36.8 216.7 33.7 
UMG/UO2  0.0 12.6 13.9   UMG/UO2  0.0 76.2 40.1 
UO3/UMG 0.0 10.2 2.9  UO3/UMG 0.0 18.8 18.9 
UMG/U3O8 127.8 13.5 4.2   UMG/U3O8 102.0 51.1 8.2 
 
4.4.4 Atmospheric Differences 
A general comparison of the behavior of uranium and silicon diffusion in the three atmospheres 
studied is presented in this section.  
The presence of an oxide layer can be seen on the uranium metal for samples run in air and argon. 
The samples run in the reducing H5 atmosphere also show a surface layer formed on the uranium metal 
during the heat-treatment, but this is most likely a uranium hydride layer. The hydride layer could not be 
confirmed using EDS because elements with Z < 4 are not determinable due to the beryllium window of 
the detector. On the macroscopic level, no other differences can be seen between the samples run in each 
of the atmospheres.  
Figure 62 and Figure 63 compare the diffusion of uranium in the synthetic melt glass and the 
diffusion of silicon into each of the uranium matrices in each of the atmospheres studied at 700 °C. While 
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the error bars are large, uranium metal and UO2 by far show the largest amounts of diffusion into the 
synthetic melt glass in the reducing H5 atmosphere. Uranium metal shows a small amount of diffusion in 
argon, and even less in air. This implies that uranium is most likely to diffuse into the glass matrix as a 
metal, is converted to a hydride, or is negligibly oxidized. The uranium oxides all see less than 50 
micrometers of diffusion in each of the atmospheres studied. This supports the idea that uranium is most 
likely to diffuse into the glass in the lowest oxidation state possible, with minimal oxygen present. The 
UO2 may be reduced enough in the H5 atmosphere to experience diffusion. The UO3 and U3O8 are in 
oxidation states that limit diffusion into the glass in any of the atmospheres; therefore, negligible 
diffusion is seen for each of these species in all the studied atmospheres.  
 
 
Figure 62 Atmospheric comparisons of uranium diffusion into synthetic melt glass in air, argon, and H5 at 700 °C 
  
The diffusion of silicon from the synthetic melt glass into each of the uranium matrices in each of 
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diffusion for all atmospheres is into the uranium metal. In the case of silicon, however, argon and H5 
have much more similar amounts of diffusion. This again suggests that oxidization in these systems 
suppresses diffusion. Also comparable to the uranium diffusion is the fact that silicon diffusion into the 
uranium oxide matrices is below 50 micrometers in each of these cases, suggesting there is little 
interaction between the glass and the uranium oxides. Oxidized species of uranium may not fully mix 
with or interact with the glass.  
 
 
Figure 63 Atmospheric comparisons of silicon diffusion into uranium matrices in air, argon, and H5 at 700 °C 
 
The diffusion of uranium from each of the species studied into the synthetic urban melt glass in 
oxidizing, inert, and reducing atmospheres heat-treated at 700 and 750 °C is shown in Figure 64. Unlike 
the diffusion studies for the synthetic melt glass, two temperatures must be shown for the synthetic urban 
melt glass studies since the trends at each temperature are inconsistent. As stated before, temperature 
appears to have little impact on the diffusion between these systems. As the temperature increases the 
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uranium metal experiences the most diffusion into synthetic urban melt glass in the reducing atmosphere 
at 700 °C. The UO2 also sees increased diffusion in the reducing atmosphere at 700 °C. However, at 750 
°C air shows the most diffusion, while argon and H5 show little diffusion. The addition of the cement to 
the glass matrix also appears to allow for more diffusion of uranium from UO3 into the urban glass 
matrix. The addition of the cement also limits diffusion and shows no obvious trends for diffusion as a 
function of temperature or atmosphere.  
 
Figure 64 Atmospheric comparisons of uranium diffusion into synthetic urban melt glass in air, argon, and H5 at 700 and 
750 °C 
 
 The diffusion of silicon from the synthetic urban melt glass into each of the uranium matrices is 
shown for 700 and 750 °C for oxidizing, inert, and reducing atmospheres in Figure 65. As with the 
uranium diffusion, there are discrepancies in the trends between the two temperatures. Uranium metal 
shows the most diffusion in H5 at 700 °C, but at 750 °C, the diffusion in H5 is comparable to that in air. 
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are most likely to diffuse in a reducing atmosphere with similar amounts of diffusion in oxidizing and 
inert atmospheres. The error bars on these interactions are often high due to the difference in diffusion 
between glass-like and cement-like areas.  
 
Figure 65 Atmospheric comparisons of silicon diffusion into uranium matrices in air, argon, and H5 at 700 and 750 °C 
  
Due to the discrepancies in trends between 700 and 750 °C, it would be useful to study these 
systems at much higher temperatures to see if temperature and atmosphere have any measurable impact 
on diffusion between uranium species and synthetic urban melt glass. Diffusion studies at temperatures 
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 Diffusion couples of the uranium species U, UO2, UO3, and U3O8 in contact with synthetic melt 
glass and synthetic urban melt glass were successfully executed in oxidizing, inert, and reducing 
atmospheres over a range of temperatures. Due to the differences in the experimental set-up, the softening 
of the glass that occurs as temperature increases is not as noticeable as was seen in the iron diffusion 
couples run in Chapter 3, as the samples softened evenly. The deformation of the synthetic urban melt 
glass was also not seen.  
 All samples showed a deformation layer on the uranium metal. For the samples run in air and 
argon, this is likely an oxidation layer due to either the atmosphere or the release of oxygen from the 
uranium oxide samples. The samples heat-treated in the reducing atmosphere also show a deformation on 
the surface of the uranium metal, however, it is not a uranium oxide layer. Studies show the formation of 
a UH3 layer when uranium metal is heat-treated in hydrogen atmospheres, and this is likely the layer seen 
in these experiments.  
 For the diffusion experiments of the uranium species versus the synthetic melt glass in the air, 
little to no diffusion was seen for each of the elements. Uranium from all of the studied species negligibly 
diffused into the glass matrix. Of the glass components, silicon showed between 10 and 20 micrometers 
of diffusion but did not trend as expected with temperature. The low amounts of uranium diffusion 
prevented the calculation of the activation energy for the diffusion of the uranium species into the 
synthetic melt glass. The corresponding diffusion couples run in air with the synthetic urban melt glass 
were observed to have no diffusion of sodium into the uranium species. In these samples, diffusion of 
calcium was negligible, except for in the UO2 matrix. As a forensics signature, diffusion of calcium into 
the uranium species for an urban sample formed in air may indicate UO2 as the starting uranium material. 
The diffusion of silicon was also the largest for this sample set in UO2, reaching a maximum of 62 
micrometers at 750 °C. The synthetic urban melt glass diffusion couples heat-treated in air were the only 
117 
 
samples that showed uranium diffusion that increased relatively monotonically with temperature such that 
activation energies could be calculated. The largest diffusion of uranium into the urban melt glass was 
from UO3, followed by uranium metal. The smallest diffusion of uranium was from UO2, indicating that 
in these samples, when silicon diffuses into UO2, the converse does not occur for uranium.  
 Diffusion studies of the synthetic melt glass samples that were heat-treated in argon also showed 
little to no diffusion of uranium into the glass from any of the species studied. Uranium diffusion in this 
sample set was too low for activation energies to be calculated. Of the glass materials, silicon experienced 
the most diffusion. The diffusion of the silicon into the uranium species was relatively Arrhenius-like for 
the oxides, with the most diffusion observed in U3O8 (a maximum of 79 micrometers at 750 °C). Limited 
diffusion was observed for sodium and calcium, except for sodium into the U3O8. Similar trends are seen 
in the synthetic urban melt glass studies, where the most diffusion of silicon and sodium are observed in 
U3O8; however, the addition of the cement to the glass matrix decreases the amount of diffusion seen. 
Calcium diffusion into the uranium species in these samples was non-Arrhenius in nature and limited. 
Uranium diffusion was small for each of the species, except for the outlying diffusion of uranium metal at 
725 °C, where diffusion was measured nearly 90 micrometers into the synthetic urban melt glass.  
 The final atmosphere studied for the diffusion of uranium species into synthetic melt glass and 
synthetic urban melt glass was the reducing 5% hydrogen in argon. Diffusion over 100 micrometers in 
depth were measured for uranium metal into each of the glass matrices at 700 °C. However, significantly 
lower amounts of diffusion were observed for each of the higher temperatures. This suggests the 
formation of a highly mobile uranium-silicate species in reducing atmosphere at this temperature. This is 
an extreme case showing the lack of correlation between increasing temperature and diffusion in these 
samples. Limited diffusion of uranium is seen in the synthetic melt glass for the other uranium species. In 
the synthetic urban melt glass, sporadic diffusion is seen from the other species, but again, no correlation 
can be made between increasing temperature and diffusion. The glass components from the synthetic melt 
glass also show statistical trends between temperature and diffusion amount. Silicon experiences the most 
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diffusion into uranium metal especially at 700 °C, further supporting the formation of a mobile uranium 
silicate species. UO2 and UO3 show a similar amount of diffusion for both silicon and sodium. Calcium 
diffusion does not follow any noticeable trends but experiences the least amount of diffusion into U3O8. 
The glass components from the synthetic urban melt glass also show no correlation between temperature 
and diffusion. Calcium and silicon show the most diffusion at 725 °C into uranium metal. This data set 
would especially benefit from studies at significantly higher temperatures to determine any trends in the 
different species  diffusion.  
 Overall, forensic signatures are much more difficult to suggest for the uranium samples than the 
iron samples in Chapter 3. The interactions of uranium species with synthetic melt glass and synthetic 
urban melt glass appear to have little correlation between increasing temperature and diffusion. Each 
species may have a limit to diffusion that is not a function of temperature, or longer heat-treatments 
would be required to observe these trends. Additionally, trends between the various atmospheres shift 
unpredictably from one temperature to the next. Further studies at higher temperatures would be 











Chapter 5 TRU Resin Batch Contact Studies of Relevant Synthetic Melt Glass Components 
5.1 Abstract 
The adsorption characteristics of gold, iridium, platinum, and tungsten were studied on TRU resin 
in varying concentrations of hydrochloric and nitric acid using the batch contact method. These elements 
are of interest for incorporation into a synthetic melt glass monolith for dissolution and separation studies 
for nuclear forensics, as both elements incorporated from urban materials and their activation products. 
Gold shows a high affinity for TRU resin in concentrations of nitric acid of 0.5 M and above. Tungsten 
shows an affinity for TRU resin at 0.1 M hydrochloric acid. Iridium and platinum show little affinity for 
TRU resin in the conditions studied. Separation of the elements of interest are possible using TRU resin 
by adsorbing gold and tungsten, which can be separately eluted, while platinum and iridium pass through 
the column for further separation. A possible separation scheme for gold, iridium, and tantalum and their 
activation products is proposed. 
 
5.2 Introduction 
The analysis of melt glass in both synthetic and real-world will likely require destructive 
techniques for elemental and isotopic analysis. Individual elements of interest incorporated into the melt 
glass may need separation from the bulk sample to be properly analyzed. Extraction chromatography 
resins may be useful for the separation of elements of interest from a bulk dissolved sample. In these 
experiments, TRU resin was studied for its extraction behavior for elements that may be incorporated into 
melt glass.  
The elements gold, iridium, and tungsten are of interest for examination in synthetic melt by the 
nuclear forensics community. Since these elements will be exposed to a large flux of neutrons during melt 
glass formation, their activation products must also be considered. Previous experiments involved the 
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irradiation of targets by fast neutrons at the Nevada National Security Site, the incorporation of the 
samples into synthetic melt glass at the University of Nevada, Las Vegas, and the separation and analysis 
of the samples at Los Alamos National Laboratory. The targets and activation products of interest in this 
study are shown in Table 25.  Gold, platinum, iridium, and tungsten had not been studied for extraction 
behavior on TRU resin at the time of experimentation. The extraction characteristics of these elements 
were studied by performing contact batch studies in hydrochloric acid from 0.01 to 10 M and nitric acid 
from 0.01 to 11 M.  
 
Table 25 Targets and activation products in surrogate melt glass samples 
Target Gold Iridium Tungsten 
Activation Product Platinum Osmium Tantalum 
 
 The activation products are interest are all formed through (n,p) reactions, meaning that during 
irradiation with fast neutrons a neutron is absorbed by the target nuclei and a proton is released. An 
example of this reaction is shown for gold in Equation 7. Osmium and tantalum are formed from (n,p) 
reactions on iridium and tungsten, respectively. 
  7 
The (n,p) reactions are of particular interest because the occurrence of these reactions is telling of the 
neutron environment. The (n,p) cross-section for the reaction shown in Equation 7 is shown in Figure 66. 
The cross-section plot shows that the occurrence of an (n,p) reaction indicates the presence of fast 
neutrons from deuterium-tritium boosting of the device. The proper quantification of the activation 
products to provide insight on the neutron environment will likely require the separation of the elements 




Figure 66 Cross-section of the (n,p) reaction on 197Au 
  
The extraction chromatography resin, TRU, developed by Eichrom Technologies, utilizes CMPO 
(octylphenyl-N, N-diisobutyl carbamoylphosphine oxide), seen in Figure 67, dissolved in TBP (tri-n-
butyl phosphate) as an extractant for actinides from aqueous systems110. Like all extraction 
chromatography resins, TRU contains three major components: the inert support, the stationary phase, 
and the mobile phase111. The inert support is porous silica and TRU can be purchased in particle sizes 
from 20-150 µg; where smaller particle sizes lead to narrower elution bands. Liquid extractants make up 
the stationary phase of the resin, CMPO dissolved in TBP in the case of TRU111. Diluents solubilize the 
extractant and make the stationary phase more hydrophobic. The mobile phase is usually an acid, 





Figure 67 Octylphenyl-N, N-diisobutyl carbamoylphosphine oxide (CMPO) 
 
 TRU resin has a bed density of 0.37 g/mL and a working capacity of 2 mg americium per mL in a 
pre-packed column, which is 20% of the theoretical loading capacity of the resin110. TRU resin extracts 
actinides in nitric acid matrices as nitrate complexes according to the following extraction equations112: 
  8 
  9 
  10 
In the discussion of extraction chromatography resins, 
for a metal under the described conditions. The resin capacity factor is calculated from the weight 
distribution factor, Dw. The weight distribution factor is determined in batch contact studies using 
Equation 11, where A0 is the activity before sorption, As is the activity of the eluent after sorption, w is the 
weight of the resin, and V is the volume of the aqueous phase. The resin capacity factor can be 
determined by multiplying the weight distribution factor by a resin specific conversion factor as shown in 
Equation 12, 0.57 in the case of TRU resin112
be easi  given acid or matrix, 
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another mobile phase will need to be used to remove the metal from the resin with a reasonable volume of 
ls, or the separation factor, can be used to predict the 
efficiency of a separation. A separation factor larger than 1 indicates the separation of two metals is 




  12 
The following sections present a review of available literature on TRU resin. This includes the 
extraction characteristics of various cations as well as separation schemes, implementation of TRU resin 
on samples, and advancements in the use of extractants. Table 26 summarizes the cations studied for their 
adsorption characteristics on TRU resin as well as the conditions that were examined.  
TRU resin exhibits especially high affinity for tetravalent actinides, trivalent and hexavalent 
actinides are also adsorbed in a large range of nitric acid concentrations113. The CMPO-TBP extractant 
complexes with actinides and extracts them from some aqueous solutions. The TRU resin is useful for the 
pre-concentration of actinides from environmental samples due to its selectivity for actinides113. Most 
actinides increase their sorption to TRU with increasing nitric acid concentrations. Uranium, neptunium, 
and plutonium (+4, +6 oxidation states) retain so well that other acids or complexing/oxidizing agents like 
oxalic acid, phosphates, and sulfates must be utilized to remove them from the column. Americium can be 
eluted using low concentrations of nitric acid. Most non-actinide cations that would be present in high-
level radioactive waste will be removed from a TRU within 10 free column volumes of 2 M nitric acid113. 
There are many examples of TRU being used to determine concentrations of actinides in soil 
samples. Maxwell et. al. performs a pre-concentration of the actinides using Diphonix and microwave 
digestion114. The actinides are recovered in small amounts of acid and loaded onto extraction 
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chromatography resins TEVA, UTEVA, and TRU for separations. Specifically, the TRU column was used 
to separate uranium, plutonium, and americium115.  
Vajda et. al. used a single TRU column to separate actinides for rapid analysis in up to 0.5 grams 
of a soil sample116. This procedure separates americium, plutonium, and thorium, and strips uranium and 
neptunium together. The sample is prepared for the column using lithium metaborate fusion, followed by 
a calcium fluoride actinide co-precipitation. The precipitate is filtered and dissolved in boric acid and 2 M 
nitric acid with sodium nitrite for oxidization control in preparation for loading on the TRU column. 
Americium is eluted first with 4 M hydrochloric acid. Plutonium is removed by reduction with 4 M 
hydrochloric acid and 0.01 M titanium (III) chloride. Thorium is removed with 1.5 M hydrochloric acid. 
Neptunium and uranium are removed together with 0.1 M hydrochloric acid and 0.1 M hydrofluoric acid 
(other extraction chromatography columns can purify these fractions if needed). Sources are prepared for 
alpha spectroscopy using isotope dilution. This procedure results in an average recovery of 75% for the 
actinides. This analysis can be performed in 24 hours.  
Macsik et. al. uses a TRU column and selective adjustments of oxidation states to determine 
concentrations of the actinides in environmental samples117 by making modifications to previous 
studies116. Americium is eluted with 4 M hydrochloric acid and plutonium is eluted with freshly 4 M 
hydrochloric acid and 0.01 M titanium (III) chloride. The oxidation is adjusted, and thorium is eluted with 
2 M hydrochloric acid and 0.05 M titanium (IV) chloride. Neptunium is eluted with freshly prepared 2 M 
hydrochloric acid/0.05 M titanium (III) chloride that is let to sit for 15 minutes on a closed column to 
assure all neptunium (VI) is reduced to neptunium (IV). Uranium is eluted with 0.1 M hydrochloric acid 
and 0.1 M hydrofluoric acid. Each of these fractions can be further purified with other extraction 
chromatography columns.  
The combination of TRU resin and LN Spec resin (bis(2-ethylhexyl) phosphoric acid (HDEHP) 
on Amberlite XAD-780-160 µm beads used for the separation of lanthanides) can be used in preparation 
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for thorium, uranium, samarium, and neodymium from silicate rock samples for isotopic dilution thermal 
ionization mass spectrometry118.  Samples were dissolved using a mixture of nitric acid, hydrofluoric acid, 
and perchloric acid; if a large amount of iron was present in the sample a cation exchange column was 
utilized to remove iron, which can have interference on the light-rare earths. Samples were then loaded on 
TRU resin in 1 M nitric acid, rinsing away unwanted cations with 0.05 M nitric acid. The light rare-earths 
thorium and uranium remain on the TRU column. The rare-earths are eluted to the LN Spec resin column 
for further separation. Thorium was removed from the TRU column using 0.25 M hydrochloric acid and 
uranium was removed using a 0.1 M hydrochloric acid 0.3 M hydrofluoric acid mixture. This technique 
allows for the recovery of metals with a high degree of purity required for thermal ionization mass 
spectrometry.  
In addition to the separation of actinides from environmental matrices, several elemental 
separations, especially for metals that can be difficult to separate from one another, have been explored. 
Zirconium can be separated from the actinides utilizing TRU resin. Zirconium and the lanthanides have a 
high retention rate for TRU and will easily adhere to the column. Zirconium can be separated from the 
actinides by using 0.05 M oxalic acid as the mobile phase119. Technetium and its analog rhenium were 
both studied in their trivalent states for retention to TRU resin. values were determined for nitric, 
hydrochloric, sulfuric, and phosphoric acids with high retention in 2 M sulfuric acid and 1.5 M 
phosphoric acid. The affinity of technetium and rhenium for TRU resin in these conditions allows for a 
separation scheme from molybdenum and ruthenium120. TRU resin can also be used for the determination 
of technetium in freshwater by eluting technetium with a rhenium tracer from an anion exchange column 
with potassium permanganate onto a TRU column and eluting with boiling water121. TRU resin also 
shows promise for the separation of tantalum, hafnium, and tungsten. Each of these elements is retained 
on TRU in high concentrations of hydrochloric acid and the affinity for each analyte decreases at different 
rates with decreasing acid concentration; therefore a stepwise decreasing hydrochloric acid concentration 
elution could be used to separate these elements in a single column122. 
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The application of TRU resin shows promise for the separation of americium from curium. 
Gharibyan et. al. shows that curium americium in concentrations 
above 0.5 M nitric acid due to mass since curium is heavier than americium123. There are slight 
differences in americium and curium some concentrations of nitric acid, with the highest 
separation factor (a ratio of t , where a separation factor greater than 
1 allows for the separation of the two elements) of 1.45 in 0.93 M nitric acid. When placed on a column, 
there was a slight overlap between the americium and curium elution profiles, but the author points out 
that running the elution fractions through the same column multiple times would lead to cleaner 
separations.  
Recent advancements have been made in the application of the extractants used in extraction 
chromatography to other stationary phases. The extractants can be applied to multi-walled-carbon-
nanotubes to use as the stationary phase124. Multi-walled-carbon-nanotubes are coated with extractants 
like DGA and TRU to compare them to their performance as resins. Carbon nanotubes have a high 
chemical resistance and are of interest for use in columns because they are cheap and easy to handle. 
Carbon nanotube systems show higher Dw values for americium in 3 M nitric acid with 0.1 M sodium 
nitrite (600 versus 350). Other advancements in the use of the extractants from these resins show the 
application of miniaturization of extraction chromatography for use in microfluidics; showing higher 
exchange capabilities than commercial columns125.  The expansion of the use of the extractants developed 
for extraction chromatography may lead to better separation of metals with similar extraction 
characteristics or lead to systems that can be better implemented for sample processing. This may be 






Table 26 Literature summary of cations and conditions studied for sorption to TRU Resin




Other Acids Studied Reference 
Ag 2 M 
  
Horwitz112 
Al 0.2- 8 M 0.2-8 M 
 
Huff126 




    
Ba 0.2- 8 M 0.2-8 M 
 
Huff126 








Ca 0.001-12 M 0.001-10 M 
 
Horwitz112, Huff126 
Cd 0.2- 8 M 0.2-8 M 
 
Huff126 
Ce 0.2- 8 M 0.2-8 M 
 
Huff126 
Co 0.2- 8 M 0.2-8 M 
 
Huff126 
Cr 0.001-12 M 0.001-10 M 
 
Huff126 
Cu 0.2- 8 M 0.2-8 M 
 
Huff126 
Dy 0.2- 8 M 
  
Huff126 
Er 0.2- 8 M 
  
Huff126 
Eu 0.2- 8 M 0.2-8 M 
 
Huff126 
Fe 0.001-12 M 0.001-10 M 
 
Horwitz112, Huff126 
Gd 0.2, 1, 4, 8 
  
Huff126 










    
K 0.2- 8 M 0.2-8 M 
 
Huff126 
La 0.2- 8 M 0.2-8 M 
 
Huff126 
Li 0.2- 8 M 0.2-8 M 
 
Huff126 
Mg 0.2- 8 M 0.2-8 M 
 
Huff126 
Mn 0.2- 8 M 0.2-8 M 
 
Huff126 
Mo 0.2- 8 M 0.2-8 M 
 
Huff126 
Na 0.2- 8 M 0.2-8 M 
 
Huff126 
Nd 0.2- 8 M 0.2-8 M 
 
Huff126 
Ni 0.2- 8 M 0.2-8 M 
 
Huff126 





Pb 0.2- 8 M 0.2-8 M 
 
Huff126 














Pu 0.1-8 M 
  
Horwitz112 
Re 0.01-10 M 0.01-10 M H3PO4, H2SO4 Guerin120 
Rh 0.2- 8 M 
  
Huff126 
Ru 0.2- 8 M 
  
Huff126 
Sc 0.001-12 M 0.001-10 M 
 
Dirks 
Sm 0.2- 8 M 0.2-8 M 
 
Huff126 
Sn 0.2- 8 M 0.2-8 M 
 
Huff126 
Sr 0.2- 8 M 0.2-8 M 
 
Huff126 
Ta 0.01-10 M 0.01-10 M 
 
Snow122 
Tb 0.2- 8 M 
  
Huff126 
Tc 0.01-10 M 0.01-10 M H3PO4, H2SO4 Horwitz112, 
Guerin120 
Te 0.2- 8 M 0.01-10 
 
Huff126 
Ti 0.001-12 M 0.001-10 M 
 
Huff126 
Th 0.1-8 M 0.2-8 M 
 
Horwitz112, Huff126 
Tm 0.2- 8 M 
  
Huff126 
U 0.05-10 M 0.2-8 M H2C2O4 Horwitz112, Huff126 
V 0.001-12 M 0.001-10 M 
 
Huff126 
W 0.01-10 M 0.01-10 M 
 
Snow122 
Y 0.2- 8 M 0.2-8 M 
 
Huff126 
Zn 0.2- 8 M 0.2-8 M 
 
Huff126 





Acids were prepared and titrated to confirm molarity, the metal solutions were prepared, batch 
contact studies were performed, and samples were prepared for an analyzed on the ICP-AES. The 
following sections described the preparation of solutions, the batch contact studies procedure, and the 
preparation of ICP-AES samples.  
5.3.1 Preparation and Titration of Acids  
Hydrochloric and nitric acid were prepared in concentrations of 0.01-8 M. Each prepared acid 
was titrated with potassium hydroxide to determine the true molarity of each acid solution. Hydrochloric 
acid solutions were prepared in 50 mL samples from 11 M concentration hydrochloric acid. Titrations of 
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the acid solutions were performed using a 0.1 M potassium hydroxide solution until an indicator signified 
the equivalence-point was reached to confirm concentration. Table 27 shows the volume of 0.1 M 
potassium hydroxide used for triplicate titrations of each hydrochloric acid solution. The average molarity 




























0.01 2.0 0.1 0.200 0.020 0.020 0.010 0.010 0.000  
2.0 0.1 0.200 0.020 0.020 0.010 
  
 
2.0 0.1 0.200 0.020 0.020 0.010 
  
0.10 1.0 0.1 1.000 0.100 0.100 0.100 0.098 0.003  
1.0 0.1 0.950 0.095 0.095 0.095 
  
 
1.0 0.1 1.000 0.100 0.100 0.100 
  
0.50 2.0 0.1 9.250 0.925 0.925 0.463 0.513 0.057  
2.0 1.0 1.000 1.000 1.000 0.500 
  
 
2.0 1.0 1.150 1.150 1.150 0.575 
  
1.00 1.0 1.0 1.000 1.000 1.000 1.000 1.000 0.000  
1.0 1.0 1.000 1.000 1.000 1.000 
  
 
1.0 1.0 1.000 1.000 1.000 1.000 
  
2.00 0.3 1.0 0.600 0.600 0.600 2.000 1.944 0.096  
0.3 1.0 0.600 0.600 0.600 2.000 
  
 
0.3 1.0 0.550 0.550 0.550 1.833 
  
4.00 0.3 1.0 1.260 1.260 1.260 4.200 4.278 0.069  
0.3 1.0 1.290 1.290 1.290 4.300 
  
 
0.3 1.0 1.300 1.300 1.300 4.333 
  
8.00 0.1 1.0 0.850 0.850 0.850 8.500 8.167 0.289  
0.1 1.0 0.800 0.800 0.800 8.000 
  
 
0.1 1.0 0.800 0.800 0.800 8.000 
  
10.00 0.1 1.0 1.050 1.050 1.050 10.500 10.767 0.252  
0.1 1.0 1.100 1.100 1.100 11.000 
  
 
0.1 1.0 1.080 1.080 1.080 10.800 
  
 
Nitric acid solutions were prepared in 50 mL samples from 10 M concentration nitric acid. The 
true concentration of the nitric acid solutions was determined using a potassium hydroxide titration in the 
same manner as described above for the hydrochloric acid solutions. The results of the titrations and 





























0.01 2.0 0.1 0.250 25 25 0.013 0.013 0.001  
2.0 0.1 0.250 25 25 0.013 
  
 
2.0 0.1 0.300 30 30 0.015 
  
0.10 1.0 0.1 1.550 155 155 0.155 0.138 0.021  
1.0 0.1 1.150 115 115 0.115 
  
 
1.0 0.1 1.450 145 145 0.145 
  
0.50 2.0 1.0 1.050 1050 1050 0.525 0.533 0.014  
2.0 1.0 1.050 1050 1050 0.525 
  
 
2.0 1.0 1.100 1100 1100 0.550 
  
1.00 1.0 1.0 1.100 1100 1100 1.100 1.067 0.029  
1.0 1.0 1.050 1050 1050 1.050 
  
 
1.0 1.0 1.050 1050 1050 1.050 
  
2.00 0.3 1.0 0.650 650 650 2.167 2.278 0.096  
0.3 1.0 0.700 700 700 2.333 
  
 
0.3 1.0 0.700 700 700 2.333 
  
4.00 0.3 1.0 1.300 1300 1300 4.333 4.167 0.167  
0.3 1.0 1.250 1250 1250 4.167 
  
 
0.3 1.0 1.200 1200 1200 4.000 
  
8.00 0.1 1.0 0.900 900 900 9.000 8.333 0.764  
0.1 1.0 0.750 750 750 7.500 
  
 
0.1 1.0 0.850 850 850 8.500 
  
11 0.1 1.0 1.250 1250 1250 12.500 12.667 0.289  
0.1 1.0 1.250 1250 1250 12.500 
  
 
0.1 1.0 1.300 1300 1300 13.000 
  
 
5.3.2 Preparation of Metal Acid Solutions  
TRU has a working capacity of 4 mg of americium per 2 mL of TRU resin volume, which is 
equivalent to 8.23 mM. Concentrations of 5 mM metals in 0.01-10 M acid will be analyzed for sorption of 
the metal to TRU resin, which is well within the working capacity. The metal ions that will be examined 
are gold, iridium, platinum, and tungsten. The preparation of the 5 mM metal ion solutions is described in 




Chloroauric acid (HAuCl4) was used for the preparation of gold solutions. Gold is soluble in acid 
but not in water, therefore, gold hydroxide precipitates in low concentrations of acid (Equation 13).  
  13 
To make 5 mM HAuCl4 9.84 mg HAuCl4 was dissolved in 5 mL of the desired acid 
concentration, Equation 14 describes the calculation. The 0.01 M HCl and HNO3 HAuCl4 solutions were 




Table 29 and Table 30 show the weighed amounts of HAuCl4 for the hydrochloric and nitric acid 
solutions, respectively, with the true concentration of HAuCl4 for each solution.  
 
Table 29 Concentration of HAuCl4 solutions in HCl 
Concentration 





0.01 0.0202 5.129 
0.1 0.0092 4.672 
0.5 0.0099 5.028 
1 0.0109 5.535 
2 0.0104 5.281 
4 0.0111 5.637 
8 0.0094 4.774 






Table 30 Concentration of HAuCl4 solutions in HNO3
Concentration 





0.01 0.0191 4.850 
0.1 0.0108 5.485 
0.5 0.0101 5.129 
1 0.01 5.078 
2 0.009 4.570 
4 0.0097 4.926 
8 0.0095 4.824 
11 0.0094 4.774 
 
5.3.2.2 Iridium Solutions 
Iridium solutions were made in chloride and nitrate matrices using IrCl3. A 5 mM Ir solution 
requires the use of 0.00746 g of IrCl3 for 5 mL. For the nitric acid standards, IrCl3 was weighed into a 
glass scintillation vial with concentrated nitric acid and the solution was dried and reconstituted in 
concentrated nitric acid 3 times. After being dried a third time, the standard was reconstituted in the 
desired acid concentration. Difficulties arose in dissolving the iridium standards in lower concentrations 
of acid. After 5 days the standards were used as is, even if the entire solid was not dissolved. Table 31 and 
Table 32 shows the weighed amounts of IrCl3 for the hydrochloric and nitric acid solutions, respectively, 








Table 31 Concentration of IrCl3 solutions
Concentration 






0.01 0.0165 5.526 
0.1 0.0073 4.890 
0.5 0.0074 4.957 
1 0.0076 5.091 
2 0.0078 5.225 
4 0.0079 5.292 
8 0.0078 5.225 
10 0.0074 4.957 
 
Table 32 Concentration of Ir(NO3)3 solutions 
Concentration 






0.01 0.0154 5.158 
0.1 0.0086 5.761 
0.5 0.008 5.359 
1 0.009 6.028 
2 0.0087 5.828 
4 0.0087 5.828 
8 0.0092 6.162 
11 0.0076 5.091 
 
5.3.2.3 Platinum Solutions 
Platinum solutions were made using a solution of 10% chloroplatinic acid (H2PtCl6). To make 5 
mL volumes of 5 mM platinum solutions, 41.5 microliters of the chloroplatinic acid solution was used. 
For the hydrochloric acid standards, the H2PtCl6 solution was diluted into the desired concentration of 
acid. For the nitric acid standards, the solution was dried and reconstituted in concentrated nitric acid in 
the same way as the iridium standards were converted to the nitric acid matrix. For the 0.01 M standard of 




The tungsten in hydrochloric acid standards were made using a tungsten ICP standard. The ICP 
standard contained 10,000 ppm tungsten in water. The solution had a pH of approximately 8. To make a 5 
mM (919.2 ppm) standard of tungsten, 0.4596 mL of the tungsten ICP standard were diluted with 4.54 
mL of the desired acid concentration. 
5.3.3 TRU Resin Batch Contact Study Procedure 
 The extraction characteristics of each of the elements of interest in hydrochloric and nitric acid to 
TRU resin was determined by batch contact sorption studies. Each sample was performed in triplicate 
according to the following procedure. 0.050 ± 0.0005 g TRU Resin was weighed into 2 mL Bio-Spin 
columns (Figure 68), and the weight of the resin was recorded for each sample. The resin in each column 
was then pre-conditioned by adding 1.3 mL of the desired acid to the column and sealing the top cap. The 
volume of acid was assured to be accurate by daily calibration of the pipette using water and recording the 
temperature of the lab. Each sample was placed on a shaker table for 60 minutes. The columns were 
removed from the shaker table, placed on a rack and the bottom tab and lid were removed. The acid 
solution was drained out of the column into a pre-weighed container and the weight of the container with 
the acid was recorded. The removed solution was titrated to determine the amount of chlorides or nitrates 
retained by the column in the preconditioning step. To contact the resin with the metal of interest, 1.3 mL 
of the metal salt solution in the desired acid concentration was pipetted onto the column and sealed. A 
tight seal was obtained using Parafilm under the lid and a bottom Luer fitting. The samples were then 
mixed on a shaker table for 60 minutes. The top and bottom caps were removed to drain the solution into 
a pre-weighed vial. The solutions were prepared for ICP-AES analysis and remained eluents were 




Figure 68 Bio-Spin column 
 
The titration of the eluted acid from the pre-conditioning step was only performed for the first study with each acid. 
Titration of these solutions allowed for the number of moles of hydrochloric or nitric acid that were retained by the TRU 
resin to be determined. The results of the moles of hydrochloric or nitric acid adsorbed to the TRU resin are shown in 
Table 33 and  
Table 34. Across all concentrations of acid, an average of 2.88 × 10-4 moles of hydrochloric acid 
and 2.07 × 10-4 moles of nitric acid were adsorbed to the resin in the preconditioning step. However, the 
standard deviations for the molarity of acid before and after the preconditioning step overlap, and 




Table 33 Moles HCl adsorbed to TRU resin during pre-conditioning step
Concentration of HCl Au 
Solution 
moles HCl adsorbed to TRU Resin 
0.01 M HCl-Au 3.90E-06 
0.1 M HCl- Au 2.31E-05 
0.5 M HCl- Au 2.71E-04 
1.0 M HCl-Au 6.02E-06 
2.0 M HCl-Au 1.64E-04 
4.0 M HCl- Au 4.96E-04 
8.0 M HCl-Au 1.63E-03 
10.0 M HCl- Au 2.54E-04 
TRU Blank 2.41E-05 
Au Blank 1.91E-05 
 
 
Table 34 Moles HNO3 adsorbed to TRU resin during pre-conditioning step 
Concentration of HNO3 Au 
Solution 
moles HNO3 adsorbed to TRU Resin 
0.01 M HNO3- Au 1.30E-05 
0.1 M HNO3- Au 1.34E-05 
0.5 M HNO3- Au 6.02E-05 
1.0 M HNO3- Au 9.35E-05 
2.0 M HNO3- Au 3.00E-04 
4.0 M HNO3- Au 6.79E-06 
8.0 M HNO3- Au 1.33E-03 
11.0 M HNO3- Au 2.21E-05 
Au Blank 2.11E-05 
 
5.3.4 Preparation of ICP-AES Samples 
To analyze samples on the available ICP-AES, a minimum concentration of 1 ppm of the metal of 
interest was required in 2 % acid. After performing the batch contact study procedure, dilutions of each 
sample were made with 2 % acid to obtain a maximum of 15 ppm metal in a 15 mL centrifuge tube. 
Samples were then analyzed on ICP-AES to determine the amount of metal removed from the solution by 
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the TRU resin during the batch contact study. Table 35 shows the dilutions performed to obtain 1 ppm 
solutions for each of the metals studied.  
 
Table 35 Dilutions need to make 1 ppm ICP-AES samples 
Metal ppm in 5 mM  to make 1 
ppm in 15 mL 
mL 2% 
acid 
Au 984.8 15.23 14.98 
Ir 298.6 50.34 14.94 
Pt 960 15.63 14.98 
W 919.2 16.32 14.98 
 
5.4 Results and Discussion 
5.4.1 Gold Batch Contact Studies 
After preconditioning, each sample was loaded with 1.3 mL of 5 mM HAuCl4 in the acid 
concentration of interest. Also, gold solution blanks that did not contain any TRU resin, only 1.3 mL of 
the 5 mM HAuCl4 in 0.01 M HCl were analyzed. The gold blank samples have no resin and therefore, 
will show how much of the metal is being adsorbed to the reaction vessel. All samples were analyzed 
used ICP-AES as described previously. The gold blank samples were compared against the 5 mM 
HAuCl4 in 0.01 M HCl standards. These standards show an average of 1.239 ppm, of which 0.98 ppm 
adsorbed to the vial. This indicates that especially in low concentrations of acid, gold is likely to stick to 
the vial. Future studies should investigate if this trend occurs at all concentrations of hydrochloric acid. 
For each of the other metals studied in the same fashion, no sorption of the metal to the vial is seen in 




Figure 69 Gold adsorption to TRU resin in hydrochloric acid 
 
Figure 69  gold adsorption to TRU resin as a function of the concentration 
of hydrochloric acid. tion 
to TRU resin t a hydrochloric acid 
concentration of 4 M. Gold is likely to remain on the TRU column under any hydrochloric acid matrix, 
therefore, if gold was desired on the column, any concentration of hydrochloric acid could be used.  With 
 100, gold will be difficult to remove from TRU resin with hydrochloric acid; 
, would need to be utilized to strip gold from TRU resin.   
ntration of nitric acid are 
shown in Figure 70  peaks at 1E6 at 0.5 M HNO3. At this concentration, it 
will be impossible to remove gold from a TRU column without using incredibly large volumes of eluent. 
above 100 until 8 M nitric acid is reached, below 10. Gold 
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for a TRU column, high concentrations of nitric acid
necessary.  
 
Figure 70 Gold adsorption to TRU resin in nitric acid 
 
5.4.2 Iridium Batch Contact Studies 
Iridium shows little adsorption to TRU in either acid matrix unde
values of iridium adsorption to TRU resin as a function of the concentration of hydrochloric acid is shown 
in Figure 71.  In hydrochloric acid, iridium experiences the highest affinity for TRU resin at 0.01 M HCl, 
ns around 100, and the concentration 
of acid seems to have little im
neither great affinity nor aversion to TRU resin; it could be loaded onto the resin, but also could be 




















Figure 71 Iridium adsorption to TRU resin in hydrochloric acid 
 
are shown in Figure 72 c acid are generally low. For 
resin. In either acid studied above 1 M, iridium had little adsorption to TRU resin. Any adsorption of 
iridium seen by TRU resin in nitric or hydrochloric acid would be easily removed during a rinsing step of 
















Figure 72 Iridium adsorption to TRU resin in nitric acid 
5.4.3 Platinum Batch Contact Studies 
sorption to TRU resin as a function of concentration of hydrochloric 
and nitric acid are shown in Figure 73 and Figure 74, respectively. Platinum also shows very little 
sorption to TRU resin under any of the condi
extend beyond 20, meaning little to no retention would be observed. Platinum will not stick to a TRU 















Figure 73 Platinum adsorption to TRU resin in hydrochloric acid 
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5.4.4 Tungsten Batch Contact Studies
 Tungsten was only studied in hydrochloric 
resin as a function of the concentration of hydrochloric acid is seen in Figure 75. A high affinity for TRU 
 values decrease from this 
point as a function of hydrochloric acid concentration. At molarities of 2 and above, 
and will not be retained by the resin. Values for 8 and 10 M hydrochloric acid are not plotted in Figure 75 
due to values being at or below zero. Tungsten could be retained on TRU resin with 0.1 M hydrochloric 
acid and could be removed from the column using concentrations of hydrochloric acid of 2 M or greater.  
 
 
Figure 75 Tungsten adsorption to TRU resin in hydrochloric acid 
 
 Between the time of experimentation and publication of this dissertation, tungsten has been 
studied on TRU resin for its separation from hafnium in nitric and hydrochloric acids127. While the 















may be due to the constant addition of 0.02 M hydrofluoric acid to the batch contact studies, leading to 
differences in extraction behavior. The discrepancies at this concentration warrant the replication of batch 
contact studies in order to assure accuracy. The addition of hydrofluoric acid to the eluent should also be 
considered. Both this study and Snow et al. suggest that tungsten will be retained in TRU resin in high 
concentrations of hydrochloric acid, 2 M or above127. Lowering the concentration of hydrochloric acid to 
1 M or lower (with the addition of 0.02 M hydrofluoric acid) would strip tungsten from TRU resin.  
Of the metals studied, gold and tungsten have the most significant adsorption to TRU resin. Gold 
will easily stick to a TRU column in hydrochloric acid in concentrations above 0.5 M and may be 
removed with high concentrations of nitric acid, or by methods of stripping the resin ligand from the 
column. Iridium and platinum show little affinity for TRU and will show little to no adsorption; if 
adsorption does occur, the metals should be removed in a rinse step.  
The differences in the sorption behavior of these transition metals can be explained by their 
oxidation state in solution. Gold and tungsten are likely +3 and +6 metal ions in solution, respectively. 
Platinum, introduced as H2PtCl6, is likely +4 in the solution. While iridium was introduced as IrCl3 or 
Ir(NO3)3, iridium (III) has been shown to be unstable in solution and likely to oxidize to iridium (IV)128. 
This oxidation is more likely to happen in higher concentrations of acid, explaining why iridium shows 
the most affinity for TRU resin at 0.01 M hydrochloric and nitric acid, while it is still iridium (III). This 
indicates that transition metal ions with a +3 oxidation state have the strongest attraction to TRU resin. 
Metal ions in the +6 oxidation state also exhibit an affinity for TRU resin. Metal ions in the +4 oxidation 
state do not adsorb to TRU resin.  
The targets gold, iridium, and tungsten, and their respective activation products platinum, 
osmium, and tantalum show promise for separation from one another. Gold and platinum can be easily 
separated from one another using TRU resin. Gold exhibits a great affinity for TRU resin under a wide 
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range of conditions. If pure fractions of both metals were desired from a bulk material, a solution of 6 M 
hydrochloric acid could be used to load the column. Platinum shows a small affinity for the resin at this 
approximately 6000.  If retained at all, platinum could be easily removed with a rinse step. Gold could be 
To separate iridium 
from its activation product osmium, the adsorption characteristics of osmium would need to be studied. 
Iridium would best adhere t and it could then 
be removed with nitric acid with a concentration of 2 M or greater. Snow et al. has outlined a separation 
of tungsten from its activation product, tantalum, using TRU resin127. Tantalum exhibits an order of 
magnitude higher of affinity to TRU resin across the range of concentrations of hydrochloric acid and 
nitric acid than tungsten. Both elements could be loaded on the resin in a 6 M hydrochloric acid and 0.02 
M hydrofluoric acid mixture. Tungsten would be eluted first with 1 M hydrochloric acid and 0.02 M 
hydrofluoric acid; tantalum could then be removed with 6 M nitric acid 0.02 M hydrofluoric acid. Column 
studies would need to be performed to determine the elution profiles of these six elements, but separation 
may be viable with a 6 M hydrochloric acid load. Further separations may need to be performed to 
separate the elements with little affinity for TRU, platinum and iridium.  
Future work includes the addition of these metals along with others of interest to a synthetic melt 
glass monolith for separation. This work could be combined with work studying the dissolution of 
synthetic melt glass in Chapter 6. Once these metals are incorporated into a synthetic melt glass, the glass 
would be dissolved, and a separation would be attempted. Elution profiles of elements of interest for 
separation would need to be evaluated for TRU resin, using the results of the batch contact studies as a 
starting point for expected behavior on a column. Tungsten batch studies should be completed by 
characterizing sorption behavior in nitric acid, repeating the 0.1 M hydrochloric acid study to compare 





The adsorption characteristics of gold, iridium, platinum, and tungsten were studied on TRU resin 
in varying concentrations of hydrochloric and nitric acid. These elements had not been studied for 
adsorption to TRU resin in literature at the time of experimentation and are of interest for their possible 
incorporation into a synthetic melt glass monolith that could be studied for dissolution and separation for 
nuclear forensics studies.  
Of the elements studied in this chapter, gold and tungsten in hydrochloric acid showed the highest 
affinity for TRU resin. Gold will be retained by a TRU column in hydrochloric acid in concentrations of 
0.5 M and above and could be stripped with high concentrations of nitric acid. Tungsten will be retained 
by a TRU column in a concentration of 2 M or greater hydrochloric acid and could be stripped by 
decreasing the concentration of the acid. Iridium and platinum are not likely to be retained by a TRU 
column in hydrochloric or nitric acid. Any retention of the iridium or platinum could be stripped from the 
column during rinse steps and separation from a bulk solution would need to be performed with 







Chapter 6 Dissolution Studies of Synthetic Melt Glass 
6.1 Abstract 
Dissolution of synthetic urban melt glass by microwave digestion, sodium hydroxide fusion, and 
sequential extraction dissolution was evaluated. Microwave digestion, while requiring the use of strong 
acids and specialized equipment, can qualitatively dissolve an urban melt glass sample to prepare for 
further analytical analysis in less than 2 hours. Sodium hydroxide-based salt fusions require little in the 
way of specialized equipment but lead to some loss of activity from the sample due to volatilization. Up 
to 75 % of the activity is digested using sodium hydroxide fusion. Sequential extraction of synthetic urban 
melt glass targeted water-soluble, exchangeable, reducible oxide, acid-soluble, and residual fractions. Up 
to 5 % of the activity was recovered in the water-soluble fraction and an average of 30 % of the activity 
was dissolved into the residual fraction after 1-hour contact time. Each method recovered a significant 
amount of the activity of the sample in a few hours, significantly reducing the amount of time required for 
traditional methods of melt glass dissolution.  
 
6.2 Introduction 
Nuclear melt glass will contain radionuclides and isotopic signatures necessary for the analysis 
and attribution of the device. To properly analyze these samples, many techniques, including extraction 
chromatography, will require the complete dissolution of the sample. The complicated composition of 
nuclear melt glass may require aggressive digestion techniques or a combination of techniques to achieve 
complete dissolution. The ease of the method, its ability to be field-deployed, and the time required must 
be considered for all dissolution techniques. Two melt glass matrices will be considered in this chapter; 
synthetic melt glass, a silicon dioxide-based glass former based on SRM612, and synthetic urban melt 
glass, a 1:1 mass ratio of the synthetic melt glass and cement. The detailed production of each synthetic 
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melt glass matrix is described in Section 1 of Chapter 2 of this dissertation. In this work, the dissolution 
of synthetic melt glass and synthetic urban melt glass by microwave digestion, salt fusion, and sequential 
extraction is explored.   
6.2.1 Dissolution Techniques 
The digestion of a sample is often necessary for analytical techniques that require the formation 
of a solution. The complete dissolution of a sample is especially important for chemical separations that 
are likely to precede radiochemical analysis. Many of the common radiochemical separation techniques 
such as ion exchange, solvent extraction, and extraction chromatography require the analyte of interest to 
be in solution. It is important to assure that the entire sample is homogenized and available for separation 
and analysis. 
Acid digestion is the simplest and most common way to dissolve a solid sample, utilizing either 
pure or mixtures of acids that the sample will be soluble in. Oxidizing and non-oxidizing acids can be 
utilized to dissolve a sample, often with the addition of stirring and heating to aid the dissolution. 
Hydrofluoric acid is commonly used to dissolve glass by converting SiO2 to SiF4 but can take several 
hours129. The dissolution of silicates and the ability of the fluoride ion to complex with refractory 
elements make it useful in dissolution methods of trinitite and synthetic melt glass matrices130. Nitric acid 
and hydrochloric acid will be also be considered. Nitric acid is an oxidizing acid and is therefore capable 
of dissolving most metals, exceptions include the noble metals. Aqua regia, a 3:1 volumetric mixture of 
hydrochloric and nitric acids, can be used to dissolve the noble metals131. Hydrogen peroxide may be 
added to matrices to aid the oxidizing properties of other acids. 
The complex nature of the matrix of synthetic urban melt glass yields almost no dissolution with 
acid digestion on a time scale less than days, likely due to the cement present in the matrix. Trinitite can 
be dissolved by heating a mixture of hydrofluoric, nitric, and perchloric acid for 72 hours, followed by 
two cycles of drying the samples and additional heating with hydrochloric acid for 24 hours132. The 
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synthetic urban melt glass can be digested by boiling hydrofluoric acid for several days; however, in an 
emergency situation, a more rapid method would be required if the attribution of the material was quickly 
needed. Therefore, more aggressive techniques will need to be utilized to dissolve the samples. Three 
methods have been selected for further investigation of their ability to dissolve synthetic melt glass and 
synthetic urban melt glass: microwave digestion, salt fusion, and sequential extraction. These methods 
will be evaluated for the time which they take to complete, the availability of the items needed to 
complete the method, the introduction of contaminants to the sample, safety concerns, and most 
importantly, the completeness of the dissolution for analytes of interest. 
6.2.1.1 Microwave Digestion 
 Microwave digestion has been used to decompose inorganic and organic samples since the 1970s22. 
Samples dissolved by microwave digestion are heated by the direct absorption of microwave radiation, 
causing the sample to quickly heat133. One of the greatest advantages of microwave digestion is the speed 
with which a sample can be dissolved compared to a flame or hot plate, mainly due to the high pressures 
and high temperatures that can be reached in a closed vessel system. Solution losses due to evaporation are 
avoided because of the closed vessel system, and therefore smaller amounts of reagents can be used, 
reducing possible contaminants from the reagents134. Additional advantages of microwave digestion include 
the retention of volatile products, as well as the ease of automation, reducing sample preparation time for 
the operator. The disadvantages of microwave digestion include its limitations on sample size, the use of 
strong concentrated acids including hydrofluoric acid, and the instrumentation required that may not be 
equipped in all analytical laboratories.  
 The selection of the appropriate acids for dissolution is a key step in performing microwave 
digestion. The selection of acids should be based on the assumed solubility of the material. This includes 
taking into account the characteristics of both the sample and the acids, especially noting the properties of 
the analytes of the most interest in the sample130. In these studies, hydrofluoric, nitric, and hydrochloric 
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acids are utilized. Acid volumes may be kept low and are mainly governed by the volume of the reaction 
vessel, as well as the desired final concentration needed for analysis. Possible contamination due to trace 
metals present in the acids should also be noted as a reason to keep acid volumes as small as possible.  
 The use of microwave digestion to aid the dissolution of silicate soil samples has been well 
demonstrated135 137. Microwave digestion has been used to aid in the dissolution of fine-grain uranium in 
contaminated soil sediments from Hanford138. Additionally, the method has been used for the quantification 
of americium and plutonium in environmental samples139. The successful dissolution of samples similar in 
nature and with silicate components suggests that microwave digestion may be successful in dissolving 
synthetic urban melt glass.   
6.2.1.2 Salt Fusion  
 Salt fusion is a process in which a powdered sample is mixed with 5-10 times its mass of flux 
inorganic material and then melted in a crucible to temperatures between 300 and 1200 °C131. Chemical 
reactions occur between the flux and the sample while they are in the molten state, producing species that 
are more soluble than the original sample. Upon cooling, the solidified sample should be readily dissolved 
in low concentrations of acid.  
Fluxes are typically salts and can be classified as acidic, basic, or amphoteric. Basic fluxes are 
considered to be best suited to dissolve acidic oxides of silicon and phosphorus. Alkali metal hydroxides 
are useful for fusions due to their relatively low melting points (sodium hydroxide has a melting point of 
321 °C), which allows for lower temperature reactions than other salt fusions. The dissolution of silicates 
using sodium hydroxide fusion often requires a large excess of salt and bright red-heat, 600-700 °C140. 
Sodium hydroxide fusions are relatively easy to perform and can be carried out on multiple samples at once 
in a furnace. Additionally, this method has high success rates in easily removing the samples from the 
crucibles. Due to the large presence of silicon oxides in simulated urban melt glass, basic fluxes will be 
considered for the rapid dissolution of the material. Common basic fluxes include Na2CO3, LiBO2, NaOH, 
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KOH, and Na2O2. Sodium hydroxide will be the primary flux studied due to its extensive use in studies by 
the Department of Energy to dissolve refractory actinides in soil and concrete115. The Environmental 
Protection Agency has also validated procedures for the study of actinides in both concrete and brick using 
NaOH fusion23.  
 Silicates that prove to be difficult to dissolve can be aided by the addition of sodium peroxide. The 
addition of sodium peroxide to a sodium hydroxide fusion is effective for the fusion of materials from 
radioisotope thermoelectric generator, which could be considered refractory in similar ways to urban melt 
glass since they are both formed at very high temperatures24. The addition of sodium peroxide to a fusion 
procedure will reduce dissolution time, decrease the amount of residual solids in materials that are difficult 
to dissolve and reduce the possibility of generation of a flammable gas mixture during dissolution141. 
Additional fluxes have been considered for the dissolution of urban melt glass, including lithium-
based fluxes. Lithium hydroxide (LiOH) has shown promise in dissolving difficult urban materials but 
would require additional work to determine if the salt cake can be effectively removed from the crucible142. 
Lithium metaborate has also been studied for the quantification of uranium and plutonium in soils143. 
Additionally, the acidic flux lithium borate (LiB4O7), has been investigated for its promise in dissolving 
difficult oxides and refractory compounds144. The lithium-based fluxes will require higher temperatures (up 
to 800 °C) to achieve melting of the flux. 
Ammonium bifluoride fusion methods have been investigated for the dissolution of synthetic melt 
glass due to it being a fluorinating agent capable of field deployment. Ammonium bifluoride fusion is a 
promising method because the low-temperature fusion can be performed at 230 °C to dissolve the sample 
in a few hours145. The addition of sonication to an aqueous ammonium bifluoride solution has been studied 
for improved digestion times and field deployment capability. However, this method only quantitatively 
dissolves some of the potential surrogates for nuclear melt glass146. Ammonium bifluoride dissolutions 
show comparable results to samples dissolved by pressurized microwave digestion147. 
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Disadvantages of fusion include the potential for sample contamination by the impurities in the 
flux. Care must be taken to analyze the flux for impurities to determine how they will affect the 
quantification of metals of interest in synthetic urban melt glass. Another disadvantage is that the resulting 
dissolved sample will have a high salt content, which can interfere with some types of analysis. 
Contamination of the sample is also possible through the attack of the flux on the crucible, which may lead 
to absorption of the sample by the crucible as well as the deposition of impurities from the crucible to the 
sample134. 
6.2.1.3 Sequential Extraction 
 Sequential extraction procedures are often used to predict the mobility and availability of metal 
species in environmental samples. Three popular methods, the Tessier method148, the BCR method149, and 
the Miller method150, are often used or modified for the desired analysis. These methods are summarized 
in Table 36. In a sequential extraction, each reagent used to digest the sample targets a different phase or 
fraction of metals. Reagents are contacted with the solution in an order such that the most weakly bound 
and easily extractable metals are targeted first. Reagents become more aggressive as the sequential 








Table 36 Reaction conditions for Tessier, BCR, and Miller s sequential extraction methods




2. Carbonate Bound 
3. Iron and Manganese 
Oxide Bound 
4. Organically Bound 
5. Residual 
1. 1 M MgCl2 or 1 M NaOAc 
2. 1 M NaOAc + HOAc 
3. 0.3 M Na2S2O4 + 0.175 NaC6H5O7 or 
0.04 M NH2OH-HCl in 25% by volume 
HOAc 
4.  0.02 M HNO3 + 30% H2O2 (twice), 3.2 




1. Acid Reducible 
2. Organic 
3. Residual Silicate 
1. 11 M HAc 
2. 0.1 M NH2OH-HCl 






4. Acid Soluble 
5. Manganese-oxide 
6. Organically bound 
7. Amorphous Fe-oxide 
8. Crystalline Fe-oxide 
9. Residual 
1. H2O 
2. 0.5 M Ca(NO3)2 
3. 0.5 M Pb(NO3)2 + 0.1 M Ca(NO3)2 
4. 0.44 M CH3COOH + 0.01 M Ca(NO3)2 
5. 0.01 M NH2OH-HCl + 0.01 M HNO3 
6. 0.1 M K4P2O7 
7. 0.175 M (NH4)2C2O4 + 0.1 M H2C2O4 
8. Oxalate Reagent 
9. HF 
 
 In this study, the samples are first contacted with water to remove any surface contamination or 
water-soluble components of the sample.  The next target for extraction is the exchangeable fraction. This 
fraction contains the most weakly bound metals that are most easily released. Exchangeable metals are 
held by electrostatic attraction on exchange sites151. Neutral salts, like MgCl2, in excess can replace alkali 
and alkaline earth metal exchangeable cations152. The next fraction targeted includes the reducible oxides, 
such as iron and manganese oxide. Reagents with a reducing agent and a ligand that complexes the 
released ions are most useful for dissolving this phase, and hydroxylamine is most commonly used. Next 
is the acid-soluble fraction, sometimes referred to as the carbonate fraction, which is susceptible to 
changes in pH. Metals in this fraction will be dissolved by an acidic reagent153. Uranium is often 
associated with this fraction154. The organic fraction was not targeted in this study due to the high 
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temperatures of sample formation. The final fraction, the residual, contains metals within the crystalline 
structure of the sample. Elements like silicon are associated with this phase. Strong acids, like 
hydrofluoric acid, are used to dissolve this fraction. Additionally, more aggressive methods, like salt 
fusions, can be combined to further dissolve this fraction151. Some procedures, like the Miller method, 
will target as many as eight fractions during the sequential extraction150. The targeted fractions and the 
reagents that will be used in this experiment are shown in Table 37. 
 
Table 37 Extraction reagents with targeted components 
Extracting Reagent Concentration Target 
Water 55.5 M Water Soluble 
Magnesium Chloride 0.1 M Exchangeable 




Nitric Acid 4 M Acid Soluble 
Hydrofluoric Acid 12.5 M Residual 
 
Synthetic melt glass, a silicon dioxide-based glass former, and synthetic urban melt glass, a 1:1 
mixture of glass and cement, are considered for dissolution in this chapter. Microwave digestion of 
synthetic urban melt glass using a mixture of hydrochloric, nitric, and hydrofluoric acids is described. 
Digestion of synthetic urban melt glass using sodium hydroxide based salt fusion is also considered. The 
digestion of synthetic melt glass and synthetic melt glass doped with uranium dioxide using a sequential 
extraction technique with increasingly aggressive reagents from water to hydrofluoric acid to attack 
different fractions of the elements within the glass is described. Each of the dissolution methods described 
in this chapter can dissolve a significant portion of the activity and mass of the synthetic melt glass in less 





The following sections describe the microwave digestion, salt fusion, and sequential extraction 
procedures used in attempts to best dissolve synthetic urban melt glass. 
6.3.1 Microwave Digestion 
The dissolution of synthetic urban melt glass with the assistance of microwave digestion was 
derived from an Environmental Protection Agency method for the microwave digestion of siliceous and 
organic matrices 155. An Ethos EZ Microwave Digestion System was used for all microwave digestion 
experiments. The microwave was operated at 180 °C, 15 bar, with a 1-hour hold under temperature and 




Table 38 Microwave digestion program  
Time (min) Temperature (°C) Pressure (bar) 
10 180 15 
60 180 15 
10 50 1 
 
Initial experiments involved the addition of approximately 0.4 g of synthetic urban melt glass 
with a 1 cm diameter to the sample vessel with the acids shown in Table 39. The same acids were also 




Table 39 Acids and volumes used for microwave digestion experiments 
Acid Volume 
Nitric Acid 10 mL 
Hydrofluoric Acid 5 mL 
Hydrochloric Acid 2 mL 
Total Volume 17 mL 
 
Reviews indicate that the chemical reactivity of a solid is correlated with the surface area of the 
solid156,157. To aid dissolution, secondary experiments were performed where the synthetic urban melt 
glass was pulverized before microwave digestion using a Wig-L-Bug®.   This increased the surface area, 
elevating the probability of reaction and giving quicker and more complete dissolutions. Pieces of 
synthetic urban melt glass about 0.5 cm in diameter were placed into the Wig-L-Bug canister, which was 
operated at 3800 rpm for 30 seconds at a time until the synthetic urban melt glass was pulverized into a 
fine, sticky powder. The pulverized sample was transferred to the microwave digestion sample vessel 
using a small amount of deionized water to transfer any remaining powder. The acids in Table 39 were 
added to the sample vessel with pulverized synthetic urban melt glass and the operating program in Table 
38 was performed.  
6.3.2 Salt Fusion 
  Monoliths of synthetic urban melt glass were prepared for salt fusion dissolution attempts using 
the procedure described in Chapter 2, sections 1 and 2. During the formation of the synthetic urban melt 
glass monoliths, samples were doped with metals of interest to quantify the dissolution. The dopants used 
for 1 g synthetic melt glass monoliths are shown in Table 40. These elements were chosen for their 
potential use as nuclear forensics markers as both elements that would likely be incorporated into urban 
melt glass and their activation products. 
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Table 40 Synthetic urban melt glass dopants for salt fusion experiments





Gold 500 ppm Inductively Coupled Plasma-Atomic Emission 
Spectroscopy 
Platinum 500 ppm Inductively Coupled Plasma-Atomic Emission 
Spectroscopy 
Scandium 500 ppm Inductively Coupled Plasma-Atomic Emission 
Spectroscopy 
Titanium 500 ppm Inductively Coupled Plasma-Atomic Emission 
Spectroscopy 
Iron 500 ppm Inductively Coupled Plasma-Atomic Emission 
Spectroscopy 
Manganese 500 ppm Inductively Coupled Plasma-Atomic Emission 
Spectroscopy 
54Manganese 0.45 µCi Broad Energy High  
Purity Germanium Detector 
 
 To prepare the synthetic urban melt glass monoliths for salt fusion, the sample was added as one 
of three different preparations.  The full monolith with a diameter on the order of 1-2 cm, small pieces 0.5 
cm in diameter or less formed by lightly breaking apart with a hammer, or pulverized glass 100 µm or 
less made in the Wig-L-Bug as described in the microwave digestion procedure. The synthetic urban melt 
glass and flux was then added to a zirconium crucible, per Table 41. Sodium hydroxide and sodium 
hydroxide with sodium peroxide fusions were studied so that the effect of the addition of a strong 
oxidizing agent like sodium peroxide could be studied. 
 
Table 41 Salt Fusion Sample Compositions 
Sodium Hydroxide Fusion Sodium Hydroxide + Sodium Peroxide Fusion 
Component Mass Ratio Component Mass Ratio 
Synthetic Urban Melt Glass 1 Synthetic Urban Melt Glass 1 
Sodium Hydroxide 10 Sodium Hydroxide 5 




Various stages of sample preparation are shown in Figure 76. Pulverized synthetic urban melt 
glass in the zirconium crucible is shown on the left and on the right is the smaller, 0.5 cm diameter or less, 
pieces of synthetic urban melt glass with the sodium hydroxide. The crucibles were placed in a box 
furnace under an air atmosphere at 600 °C for 40 minutes, or until the flux appears to be fully dissolved. 
The samples were then removed from the furnace and allowed to cool to room temperature. Following 
cooling, the dissolution of the flux with the sample was dissolved using 4 M nitric and hydrochloric acid. 
Aliquots of the partially or fully dissolved samples were taken for ICP-AES or gamma analysis, as per 
Table 40.  
 
  
Figure 76 left: pulverized melt glass in zirconium crucible right: small pieces of synthetic urban melt glass with sodium 
hydroxide 
 
6.3.3 Sequential Extraction 
Synthetic melt glass monoliths were prepared as described in Chapter 2, sections 1 and 2. During 
the synthesis of the glass monoliths, one sample was prepared by doping with 29% by mass depleted 
uranium dioxide (UO2) before heat-treatment. Samples were irradiated using Flattop, a fast-spectrum 
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critical assembly at the Device Assembly Facility at the Nevada National Security Site.  The UO2 doped 
and standard synthetic melt glass pieces are shown in Figure 77 in their irradiation capsule. 
 
 
Figure 77 UO2 doped synthetic melt glass (left, dark brown) and standard un-doped synthetic melt glass (right, 
transparent) in NNSS irradiation capsule 
 
Upon receipt of samples after irradiation, the blank synthetic melt glass and UO2 doped synthetic 
melt glass were separated into plastic scintillation vials. The samples were each counted for 1 hour 
immediately after delivery late in the afternoon. The following morning each sample was recounted to 
obtain a decay count. The two samples were alternated between 1-hour counts on a BEGe detector and 1-
hour contact with the desired extraction reagent. As an example, while the blank synthetic melt glass was 
counting, the UO2 doped synthetic melt glass was contacted with 5 mL DI H2O for 1 hour while gently 
shaking on a shaker table. The liquid was then decanted from the UO2 doped synthetic melt glass into a 
scintillation vial and counted on the BEGe detector. The process was then repeated with the blank 




6.4 Results and Discussion 
6.4.1 Microwave Digestion 
 Increasing the surface area of the synthetic urban melt glass proved to be an effective method for 
aiding dissolution. While microwave digestion showed promise for the quantitative dissolution of 
synthetic urban melt glass, it was ultimately deemed an undesirable method. Therefore, only qualitative 
results are presented. Microwave digestion on a 0.5 g piece of synthetic urban melt glass with one piece 
on the order of 1 cm in diameter and smaller pieces 0.5 cm in diameter or less using the acids described in 
Table 39 is shown in Figure 78. While the smaller pieces of glass appear to have been dissolved, the 
larger 1 cm piece remains largely intact with only a slight reduction in size, as seen by the dark shadow in 
the bottom right of the right image in Figure 78.  
 
  
Figure 78 Microwave digestion on at 0.5 g, 1 cm diameter piece of synthetic urban melt glass 
 
 Increasing the surface area of the synthetic urban melt glass by pulverizing the sample to a 
diameter on the order of 100 µm was an effective method for increasing the dissolution of the sample. 
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Figure 79 shows the pulverized glass on the left, and the addition of the glass to the microwave digestion 
vessel with the acids described in Table 39 on the right. Following the microwave digestion program in 
Table 38, the synthetic urban melt glass appeared to be completely dissolved. The left image of Figure 80 
shows the dissolved sample in the digestion vessel, and no undissolved glass remains visible. The sample 
was removed from the microwave digestion vessel and diluted to 50 mL with deionized water, as shown 
in the right image of Figure 80, where the dissolved sample remained in solution even after diluting the 
acid matrix.  
 
  





Figure 80 left: sample after microwave digestion in the sample vessel right: diluted digested sample 
 
 The microwave digestion procedure with a sample with an increased surface area was 
demonstrated to be an effective method of synthetic urban melt glass dissolution where qualitative 
dissolution was observed. A collected melt glass sample could be dissolved in less than 2 hours. Though 
effective, microwave digestion was determined to be an undesirable dissolution method, so additional 
routes were explored.  
6.4.2 Salt Fusion 
 Following the cooling of the sodium hydroxide fusion pucks, qualitative differences could be 
seen in each sample, depending on the metal that was doped into the synthetic urban melt glass. The 
cooled fusion pucks are shown in Figure 81. The gold puck is sparkly and metallic looking. The 
manganese puck is a blue-green color. The scandium fusion puck has a yellow tint, while the iron and 
platinum pucks are bronze colored. The titanium puck is a glossy white that never hardened in the same 




























The results of the dissolution of the fusion pucks in hydrochloric and nitric acid using ICP-AES 
are summarized in Figure 82. Each of the analytes doped into the synthetic urban melt glass was 
recovered with at least twice the activity in the nitric acid fraction as the hydrochloric fraction, except 
gold, which was observed to have no dissolution into either fraction. Platinum was minimally dissolved 
by the fusion, with 2% being dissolved into each acid matrix. Manganese, scandium, and titanium had 
less than 1% dissolution in hydrochloric acid, but 5, 2, and 9% dissolution, respectively, in nitric acid. 
Iron was most efficiently dissolved during the NaOH fusion, in which 15% was dissolved into the 
hydrochloric acid fraction and 44% was dissolved into the nitric acid fraction. The error on the iron 
dissolution is large due to the presence of iron as an impurity in the glass, cement, and the reagents used.  
 
 
Figure 82 Percent recovery from NaOH fusions of synthetic urban melt glass 
 
The low recovery yields of the stable elements doped into the synthetic urban melt glass lead to 
doubts about the incorporation of the metals into the glass during vitrification. A metal-tracer with 



























metal glass. As such, 54Mn was chosen for its half-life, gamma energy, and availability. Approximately 
0.5 microcuries of 54Mn was added to each 1 g synthetic urban melt glass monolith. The monolith was 
analyzed on the germanium detector after formation and compared to a solution with a known activity. 
An average of 95% of the activity was incorporated into the synthetic urban melt glass.  
Sodium hydroxide fusions were performed on synthetic urban melt glass doped with 0.5 
microcuries of 54Mn with and without sodium peroxide. The addition of sodium peroxide is shown in 
Figure 83. After cooling of the fusion puck, a maximum of 40 mL of deionized water was added to the 
salt cake until no further dissolution was seen. The water was decanted and analyzed on the germanium 
detector. Any residual material in the zirconium crucible was removed using concentrated hydrochloric 
acid. Both the hydrochloric acid fraction and the zirconium crucible were then analyzed for 54Mn activity 




Figure 83 Sodium hydroxide/sodium peroxide fusion of synthetic urban melt glass before heat-treatment and after 




The results of the sodium hydroxide and sodium hydroxide/sodium peroxide fusions are shown in 
Table 42. In each version of the procedure, 25-30% of the activity was unaccounted for, suggesting that 
some of the sample was volatilized and lost during heating. This could be prevented by adding a lid to the 
crucible during heating. The addition of sodium peroxide to the fusion procedure leads to nearly 14 % 
more of the 54Mn activity to be lost due to volatilization. This loss of activity leads to the sodium 
hydroxide fusion being more efficient in accounting for the activity in the dissolved sample. In each 
version of the procedure, a silt-like precipitate remained in the hydrochloric acid fraction. Hydrofluoric 
acid would likely dissolve this remaining sample, as it is primarily silicates and does not contain any of 
the activity doped into the sample.  
 
Table 42 Results of sodium hydroxide and sodium hydroxide/sodium peroxide fusions 
 NaOH Fusion NaOH/Na2O2 Fusion 
% Activity 54Mn Recovered in H2O Fraction 74.98 60.58 
% Activity 54Mn Recovered in HCl Fraction 0.08 0.24 
% Activity 54Mn Remaining in Zr Crucible 0.16 0.47 
% Activity 54Mn Accounted For 75.22 61.29 
 
6.4.3 Sequential Extraction 
 Following the sequential extraction targeting the fractions shown in Table 37 of fast-spectrum 
neutron irradiation synthetic melt glass, each fraction was analyzed using gamma spectroscopy. The 
gamma spectrum for the un-doped synthetic melt glass is shown in Figure 84. The sample was received at 
4:00 in the afternoon on the day of irradiation. The sample was analyzed using gamma spectroscopy 
immediately upon receipt, which is shown as the initial count. The sequential extraction procedure was 
not started until the following morning, so a decay count was taken before contact with the first 
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extractant, which is shown as the decay count. Figure 85 shows the gamma spectrum of the un-doped 
synthetic melt glass without the initial count so that details of the other fractions can be seen. The most 
prominent peak of the irradiated synthetic melt glass was that of 82Br, at 554 keV. The results of the 
extraction of 82Br are shown in Table 43. Approximately 25 % of the 82Br was removed during contact 
with the water, less than 4 % was removed during the each of the magnesium chloride, hydroxylamine, 
and nitric acid fractions, and about 10 % was dissolved from the glass matrix in the hydrofluoric acid 
fraction. This implies that a quarter of the 82Br activity is water-soluble and easily removed from the 
synthetic melt glass matrix. This activity was likely on the surface or near-surface of the glass and is 
readily environmentally available. The next largest fraction of 82Br activity was observed in the residual 
fraction. This is due to the release of 82Br that was not near the surface of the synthetic melt glass when 
the glass was dissolved by hydrofluoric acid. The nearly 60 % of unrecovered 82Br activity remains in the 
undissolved portions of the synthetic melt glass. Longer contact with hydrofluoric acid would increase the 













































































































































































































































































































































































Table 43 Percent Extraction of 82Br from irradiated synthetic melt glass
% Extraction of 82Br from Irradiated 
Synthetic Melt Glass 
Fraction % Extraction 
Water Soluble 24.8 
Exchangeable 0.3 
Reducible Oxides 3.6 
Acid Soluble 1.4 
Residual 10.3 
 
The gamma spectrum for the UO2-doped synthetic melt glass is shown in Figure 86. The sample 
was received at 4:00 in the afternoon on the day of the irradiation and was analyzed using gamma 
spectroscopy upon receipt and again the next morning before starting the sequential extraction procedure 
to obtain a decay count. Figure 87 shows the gamma spectra for only the targeted fractions so that details 
can be observed. The spectrum for the UO2 doped sample is much more complicated than the un-doped 
synthetic melt glass due to the neutron activation and fission of uranium during irradiation. Neptunium 
isotopes can be seen from the neutron absorption on uranium, and many fission products are observed. 
Table 44 shows the isotopes identified in the spectrum and their gamma energies. 82Br is seen in the 
doped glass but is not nearly as strong as in the blank glass. The most prominent peaks seen are from 
239Np, a result of uranium neutron absorption. Other prominent peaks include the fission products 99Mo, 



























































































































































































































































































































































































































































Table 44 Isotopes seen in irradiated UO2 doped synthetic melt glass and their energies
Isotope  Half-
Life 
 Isotope Energies (keV) Half-
Live 
239Np 106.1(27), 228.1(10), 
277.6(14)  
2.35 d  82Br 554.3(71), 776.4(84) 35.2 h 
99Mo 140.5, 739(12) 65.9 h  97Zr 743.6(93) 16.7 h 
132Te 228.3(88) 3.2 d  97Nb 657.9(98) 72 m 
135I 1131(22), 1260.4(28) 6.6 h  132I 667.7(98), 772.6(75), 
954.5(17) 
2.3 h 
135Xe 249.8(90) 9.1 h  147Nd 319.4(2), 531(13) 10.9 d 
131I 364.5(81) 8.0 d  140La 815(23) 1.7 d 
103Ru 497.1(91) 39.2 d  143Ce 293(43) 33.0 h 
133I 529.9(87) 20.8 h     
 
The percent extraction for each of the isotopes examined for each extractant is shown in Table 45. 
The error for the percent extraction seen for each isotope is between 2% and 3%, based on the number of 
counts seen for each isotope.  Minimal amounts of the isotopes seen in the irradiated uranium dioxide 
synthetic melt glass sample were extracted during the exchangeable, reducible oxide, and acid-soluble 





















239Np 4.74 0.09 0.13 0.10 21.96 
99Mo 5.07 0.06 0.07 0.08 84.71 
132Te 4.47 0.07 0.05 0.03 38.28 
131I 1.76 0.52 0.24 0.07 25.18 
135Xe 4.93 0.12 0.33 0.27 38.67 
133I 3.05 0.667 1.22 0.63 25.18 
103Ru 2.95 0.81 0.48 0.14 28.62 
82Br 5.15 0.88 0.17 0.43 22.99 
97Zr 2.52 0.57 0.24 0.17 17.10 
147Nd 4.05 0.23 0.26 0.07 8.06 
140La 4.05 1.18 0.97 1.97 23.21 
143Ce 4.53 0.36 0.19 0.06 21.96 
 
The extraction of the examined isotopes occurred only in the water-soluble and residual fractions. 
For the twelve identified isotopes, each was observed to have between 2% and 5% extraction in the water-
soluble phase. This phase contains the most mobile and available species within a sample. This suggests 
that up to 5% of the activity of melt glass is readily environmentally available. Water-soluble species are 
typically considered to be negligible, except in the case of evaporative samples158. If high temperatures 
can be achieved during irradiation, it may lead to the evaporation of some of the activation and fission 
products. Isotopes that were evaporated would be available and water-soluble. The fraction of water-
soluble isotopes is also likely closer to, or on the surface of the synthetic melt glass, making them more 
readily available. 
 The majority of the activity removed during the sequential extraction occurred during contact 
with hydrofluoric acid, targeting the residual fraction. The synthetic melt glass matrix is largely non-
porous, allowing for minimal amounts of the extracting reagents to interact with areas of the sample, not 
on the surface. The hydrofluoric acid is the only reagent studied that attacks the glass matrix. As the 
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sample is attacked and the synthetic melt glass begins to dissolve the release of the isotopes and material 
that are contained within begins to occur. For the isotopes examined, between 17% and 85% extraction 
occurred in this fraction, with an average of 29% extraction. It has been shown that hydrofluoric acid will 
digest trinitite in 72 hours132. Therefore, if time were of no issue, the synthetic melt glass could be left in 
contact with hydrofluoric acid for this amount of time. Increasing the contact by two additional hours, 
with fresh fractions of hydrofluoric acid added every hour, should remove up to 90% of the activity 
within the synthetic melt glass. Heating the sample to 180 °C during contact with hydrofluoric acid would 
increase the dissolution rate and therefore increase the percent activity recovered.  
The largest amount of extraction is observed for 99Mo, with nearly 85% of the activity removed in 
the residual fraction. Molybdenum can be dissolved to near completion through the use of oxalic acid159. 
It has also been shown that oxalic acid can be used to dissolve silicate minerals160. This suggests that 
molybdenum and silicates are dissolved by similar reagents. As silicates are dissolved so is molybdenum. 
It also appears that the ionic radius has an impact on the percent dissolution of the synthetic melt glass by 
hydrofluoric acid. Molybdenum has the smallest ionic radius of the dissolved elements, closely followed 
by tellurium and xenon, which have the next highest dissolution amounts. Smaller ions will allow for 
greater interaction with the solvent, leading to greater dissolution rates. Xenon in the sample will be a gas 
and will be released as the glass matrix is broken down by the hydrofluoric acid.   
The sequential extraction of irradiated synthetic melt glass provided some insight into the 
dissolution of synthetic melt glass. A small amount of the activity is readily available and mobile in the 
water-soluble fraction. Minimal activity is removed from the sample in the exchangeable, reducible oxide, 
and acid-soluble fractions. An average of 30% of the activity of the isotopes studied is extracted in the 
residual fraction by a one hour contact with hydrofluoric acid. The highest extraction is observed for 
99Mo, with nearly 90% of the activity being dissolved into solution throughout the sequential extraction 
procedure. Future improvements to the sequential extraction procedure could include increasing the 
surface area of the sample through pulverization before contact with the extractants. Additional, longer 
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contacts with hydrofluoric acid could be performed to more completely dissolve the sample. The addition 
of a salt fusion step, perhaps with ammonium bifluoride, could also be incorporated to fully dissolve the 
sample while keeping overall procedure time low.  
 
6.5 Conclusions 
 As many analytical techniques require samples to be in solution, dissolution methods were 
investigated for synthetic urban melt glass. Due to the anticipated complex composition of nuclear melt 
glass and the need for rapid dissolution in emergencies, simple methods like acid digestion will not work. 
Microwave digestion, salt fusion, and sequential extraction were considered for the dissolution of 
synthetic urban melt glass, keeping in mind the efficiency of dissolution and the time required. 
 Microwave digestion of synthetic urban melt glass proved capable of completely dissolving the 
sample with a combination of concentrated hydrochloric, nitric, and hydrofluoric acids. Increasing the 
surface area of the sample through pulverization was necessary for complete dissolution to be possible in 
less than 2 hours. While microwave digestion was qualitatively shown to be an effective dissolution 
method for synthetic urban melt glass, the exploration of other methods was desired and therefore salt 
fusions and sequential extraction were investigated.  
 Sodium hydroxide based salt fusions were analyzed for the dissolution of synthetic urban melt 
glass doped with transition metals. Initial studies were performed with glass monoliths doped with 500 
ppm of ICP-AES metal standards. Sodium hydroxide fusion was performed and the salt puck was 
contacted with hydrochloric and nitric acid. Each metal showed greater dissolution in nitric acid. Gold 
was not accounted for in either solution. Platinum experienced negligible dissolution from the fusion 
procedure. Manganese, scandium, and titanium were minimally dissolved by hydrochloric acid and 
experiences less than 10% dissolution in nitric acid. Dissolution of the fusion puck with hydrochloric acid 
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recovered 15% percent of iron-doped into synthetic urban melt glass, and 44% was accounted for in the 
nitric acid fraction. To better account for the locations of metals doped into the melt glass, a radioactive 
tracer, 54Mn, was used for further experiments. 95% of the activity of the tracer was incorporated into the 
monolith during glass formation. Sodium hydroxide and sodium hydroxide/sodium peroxide fusions were 
performed on these samples. In each of these procedures, significant activity was lost during the 
preparation and heating of the salt flux. More activity was lost during the sodium hydroxide/sodium 
peroxide fusion, and as such the sodium hydroxide fusion lead to a greater recovery of the activity during 
dissolution. A maximum of 75% of the activity was recovered. A fine precipitate remained after the 
addition of acid to the salt puck. If desired, hydrofluoric acid is required to fully dissolve this precipitate. 
Other fusion methods, like ammonium bifluoride, are better suited for full dissolution with the 
elimination of the use of strong acids to digest synthetic urban melt glass.  
A sequential extraction procedure was performed on an irradiated uranium dioxide doped 
synthetic urban melt glass monolith. Water-soluble, exchangeable, reducible oxide, acid-soluble, and 
residual fractions were studied. An average of 3.8% of the activity of the activation and fission product 
isotopes studied was found in the water-soluble fraction, suggesting that a small percentage of the activity 
in melt glass is readily environmentally available. Minimal activity was seen in the exchangeable, 
reducible oxide, and acid-soluble fractions. For the isotopes studied, an average of 30% of the activity 
was dissolved into the residual fraction. With almost 90% of the activity being dissolved into solution, 
99Mo was the most efficiently extracted isotope. Longer reagent contact times and additional steps may 
lead to complete dissolution using sequential extraction. 
 Each of the methods considered has the potential for the dissolution of synthetic urban melt glass 
depending on the analysis situation. Complete dissolution of the sample using microwave digestion, salt 
fusion, or sequential extraction will require the use of hydrofluoric acid to completely digest the large 
amount of silicates present in glass samples. Each method demonstrates the ability to dissolve synthetic 
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melt glass in a few hours with significant recovery of the activity in the sample, significantly reducing 





Chapter 7 Conclusions and Future Work 
 The purpose of this dissertation was to explore the characteristics of synthetic melt glass and 
synthetic urban melt glass. After a method was determined for the synthesis of synthetic melt glass and 
synthetic urban melt glass, the influence of starting conditions on the final speciation of the debris was 
investigated. This chapter will summarize the previous chapters and look forward to future work that is 
relevant and could enhance the studies performed here.  
 Chapter 1 included an introduction to the dissertation with background information including the 
history of trinitite and synthetic melt glass. This included the possibilities for the use of melt glass as a 
nuclear forensics tool and the call for improved nuclear forensics capabilities focusing on surrogate 
materials that can provide the tools needed for real-world scenarios. Chapter 1 also included information 
on the elements that are of interest for examining in melt glass and a literature review of some of the ways 
that synthetic melt glass is being made and examined. Chapter 2 included the preparation methods for the 
in-house synthesis of synthetic melt glass and synthetic urban melt glass in both the monolith and pellet 
forms for future chapters. Chapter 2 also included the methods used for the dissolution of synthetic melt 
glass and a description of the instrumentation used throughout the dissertation. In the future, additional 
methods of synthesizing synthetic urban melt glass should be considered. Of particular interest is the 
preparation of synthetic urban melt glass using a vacuum arc-melter. This method is capable of better 
replicating a nuclear event than a typical furnace due to the rapid heating possible in the system, ~103 K 
per second. Varying atmospheres could be used for the chamber during arc-melting and the components 
of interest, including the iron and uranium species examined in this dissertation, could be added to the 
hearth to be incorporated into the glass matrix. Proof of concept has been performed to address concerns 
of the non-conductive glass matrix preventing arc-melting. An arc-melted synthetic melt glass bead is 




Figure 88 synthetic melt glass pellet right: synthetic melt glass pellet after arc-melting 
  
Additional synthesis methods include the addition of the desired melt glass components to a 
bottom loading furnace that is capable of being heated before the introduction of the sample. This would 
allow for the heating of melt glass components for varying amounts of time, as short as a few seconds, 
and would allow for the investigation of the morphology of melt glass depending on the formation 
conditions. Heating times from seconds to hours could be performed with the addition of iron and 
uranium species. Additionally, it would be of worth to produce more synthetic urban melt glass monoliths 
doped with elements of interest.  
 Chapters 3 and 4 discussed the interactions of iron and uranium species with synthetic melt glass 
and synthetic urban melt glass by performing diffusion couple experiments. Chapter 3 explored diffusion 
couples with the iron species Fe, FeO, Fe3O4, and Fe2O3 with synthetic melt glass and synthetic urban 
melt glass that were executed in oxidizing, inert, and reducing conditions over a range of temperatures to 
understand how varying the initial speciation will impact the formation of synthetic melt glass. The 
oxidation of iron metal was observed in samples heat-treated under air or argon atmospheres. Also noted 
in these atmospheres was the formation of needle-like calcium structures near the surface of the synthetic 
melt glass that were collocated with iron that had diffused into the glass matrix. Over the range of 
conditions studied, little to no diffusion of the sodium or calcium from either glass species was observed. 
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Except for the diffusion of silicon into the iron metal and FeO interfaces, diffusion is decreased from 
synthetic melt glass to synthetic urban melt glass due to the addition of cement to the matrix.  
 The diffusion occurring between iron species and the synthetic melt glass matrices does not trend 
as expected for Arrhenius-like behavior with temperature. This is due to the occurrence of chemical 
reactions between the interfaces. The formation of an iron-silicate species, likely fayalite, Fe2SiO4, or 
some similar compound, preferentially occurs at 675 °C in these systems and therefore a reaction layer is 
being formed, making the determination of elemental diffusion difficult. While often non-Arrhenius, 
trends can still be observed regarding the iron species and the atmospheric conditions. The diffusion 
depths of iron species into synthetic melt glass and synthetic urban melt glass are similar between air and 
argon, but a significant decrease is observed in samples run in 5% hydrogen in argon. The diffusion of 
silicon from each of the glass species is deepest into iron when samples are run in air, followed by 5% 
hydrogen in argon, and argon. Silicon diffusion from synthetic urban melt glass is observed as far as 350 
micrometers into Fe and FeO for samples performed in air. For samples heat-treated in oxidizing and 
reducing atmospheres, the diffusion of silicon into iron metal is much deeper than in the oxides. Future 
studies concerning the interaction of iron species with synthetic melt glass and synthetic urban melt glass 
should consider a wider range of temperatures. The formation of a fayalite-like species in the conditions 
studied here makes the assertion of diffusion trends difficult; by increasing the temperature range up to 
800-900 °C, the influence of chemical reactions could be separated from the diffusion between the 
interfaces. Future work could include studying the growth rate of fayalite under the reaction conditions 
studied in these diffusion experiments; by contacting SiO2 with iron species and heat-treating under 
reducing conditions, the formation and diffusion kinetics of fayalite could then be analyzed using 
scanning transmission x-ray microscopy, which can provide information on the oxidation state and, 
therefore, speciation, as a function of depth.  
 Chapter 4 discusses diffusion couples with the uranium species U, UO2, UO3, and U3O8 with 
synthetic melt glass and synthetic urban melt glass that were heat-treated in oxidizing, inert, and reducing 
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conditions over a range of temperatures to understand how varying the formation conditions will impact 
the speciation of the melt glass. A deformation layer is seen on the surface of uranium metal in all of the 
conditions studied. In air and argon, this is an oxidation layer. In 5% hydrogen in argon this is a UH3 
layer; these differences provide a possible tool for determining the atmosphere during melt glass 
formation.  
 Little diffusion was observed for the majority of the interfaces studied in the uranium diffusion 
couples heat-treated in air. Uranium from each species negligibly diffused into synthetic melt glass; 
however, in synthetic urban melt glass, a diffusion depth of 175 µm of uranium from UO3 was observed, 
and 80 µm of diffusion occurred from U metal. In air, uranium metal is more mobile in synthetic urban 
melt glass than in synthetic melt glass. Of the minor glass components, calcium only experiences 
significant diffusion from UO2 into synthetic melt glass, a possible signature for UO2 as the initial 
speciation when this is observed. Diffusion of silicon into UO2 is observed out to 60 µm, however, this 
interface experiences the smallest amount of diffusion for uranium, indicating that if silicon diffuses into 
the uranium the converse does not also occur. The diffusion of uranium into the glass matrices is also 
limited for the diffusion couples heat-treated in argon. The largest diffusion of the glass components is 
observed in U3O8 in argon. The uranium diffusion couples heat-treated in 5% hydrogen in argon show 
little correlation between temperature and diffusion depth. A highly mobile uranium silicate species is 
observed to form under reducing conditions at 700 °C. The other uranium species experience little 
diffusion into either glass matrix. As with the iron diffusion couples, expanding the temperature range of 
the uranium diffusion couples up to 800-900 °C is likely to shed light on possible forensics signatures 
between these species. It would also be of worth to synthesize monoliths of synthetic melt glass doped 
with each of these uranium species to observe the effect on final morphology and speciation throughout 
the glass.  
 Chapter 5 examined the adsorption characteristics of elements of interest as nuclear forensics 
signatures in melt glass to the extraction chromatography resin, TRU, in hydrochloric and nitric acid with 
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batch contact studies. The separation of targets gold, iridium, and tungsten from their respective 
activation products platinum osmium, and tantalum using TRU resin would be useful for the 
radiochemical analysis of melt glass samples. Gold, iridium, platinum, and tungsten were characterized 
on TRU resin in 0.01-10 M hydrochloric and nitric acid. Gold and tungsten in hydrochloric acid showed 
the highest affinity for the resin across the range of conditions studied. Gold would be retained by TRU in 
hydrochloric acid concentrations of 0.5 M and above and could be removed with 4 M or greater nitric 
acid. Tungsten would be retained on a TRU column in 0.1 M hydrochloric acid and could be removed by 
increasing the concentration of the acid. Iridium and platinum are not likely to be retained by a TRU 
column in either acid matrix studied. Separation of the elements of interest from their activation products 
is possible using TRU resin. Future experiments would involve moving from batch contact studied to 
creating elution profiles of the elements of interest on TRU columns so that a separation of these elements 
could be performed. Additional future work could include the coupling of this work with that of Chapter 6 
to dissolve a piece of doped synthetic urban melt glass and use TRU resin to separate the elements doped 
into the glass.  
 Finally, Chapter 6 investigated methods of dissolution for synthetic urban melt glass. As many 
radiochemical analysis techniques, including extraction chromatography, require a sample to be in 
solution, the dissolution of synthetic urban melt glass was studied.  Microwave digestion, salt fusion, and 
sequential extraction were considered. Microwave digestion qualitatively proved to completely dissolve 
pulverized synthetic urban melt glass using concentrated hydrochloric, hydrofluoric, and nitric acids in 
less than 2 hours. Sodium hydroxide fusions on synthetic urban melt glass doped with 54Mn were able to 
recover up to 75% of the activity. The unrecovered activity was volatilized during heating of the salt flux. 
The addition of sodium peroxide to sodium hydroxide fusion increased the amount of sample lost due to 
volatilization. A fine precipitate forms in the solution formed from the dissolution of the sodium 
hydroxide fusion and this silicate would be dissolved with the use of hydrofluoric acid. This method is 
capable of dissolving the synthetic urban melt glass in less than 2 hours.  
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A sequential extraction procedure was performed on a piece of irradiated, uranium dioxide doped 
synthetic melt glass to investigate the mobility and dissolution characteristics of isotopes within the glass. 
Water-soluble, exchangeable, reducible oxide, acid-soluble, and residual fractions were studied. Of the 
fractions studied, activity was only recovered in the water-soluble and residual fractions, an average of 
4% and 30%, respectively. A majority of the activity is dissolved into the residual fraction as the glass 
matrix is attacked, releasing the isotopes that are not on the surface of the glass. Future work could 
include the addition of additional, longer contacts with hydrofluoric acid to increase the recovery of 
isotopes. Two additional 1-hour contacts with hydrofluoric acid should increase the yield to up to 90%. 
Each of the dissolution methods studied has been demonstrated to have the ability of synthetic urban melt 
glass in a few hours with significant recovery of the activity in the sample. This significantly reduced 





Table 46 Average Diffusion of Fe, Si, Na, Ca in Iron-Synthetic Melt Glass Diffusion Couples in Air 
Average Fe Diffusion into Synthetic Glass 
Matrix (µm) 
 Average Si Diffusion into Iron Matrix 
(µm) 
 650 °C 675 °C 700 °C   650 °C 675 °C 700 °C 
Fe/Glass 35.2 44.4 77.1  Fe/Glass 0.0 139.8 52.5 
Glass/FeO 33.8 7.9 68.0  Glass/FeO 6.1 34.2 48.0 
Fe3O4/Glass 45.2 12.6 39.4  Fe3O4/Glass 3.9 0.0 8.7 
Glass/Fe2O3 13.4 2.4 31.2  Glass/Fe2O3 1.6 11.3 11.3 
         
         
Average Na Diffusion into Iron Matrix 
(µm) 
 Average Ca Diffusion into Iron Matrix 
(µm) 
 650 °C 675 °C 700 °C   650 °C 675 °C 700 °C 
Fe/Glass 0.0 0.0 0.0  Fe/Glass 0.0 0.0 0.0 
Glass/FeO 0.0 3.8 0.0  Glass/FeO 0.0 3.8 0.0 
Fe3O4/Glass 11.5 0.0 6.7  Fe3O4/Glass 11.5 0.0 3.6 
Glass/Fe2O3 0.0 15.4 11.3  Glass/Fe2O3 0.0 0.0 0.0 
 
Table 47 Average Diffusion of Fe, Si, Na, Ca in Iron-Synthetic Urban Melt Glass Diffusion Couples in Air 
Average Fe Diffusion into Synthetic Urban 
Glass Matrix (µm) 
 Average Si Diffusion into Iron Matrix 
(µm) 
 650 °C 675 °C 700 °C   650° C 675° C 700° C 
Fe/Glass 22.5 9.9 0.0  Fe/Glass 50.3 0.0 350.0 
Glass/FeO 64.9 30.6 19.2  Glass/FeO 7.9 4.6 115.4 
Fe3O4/Glass 21.4 13.6 43.6  Fe3O4/Glass 3.7 0.0 9.9 
Glass/Fe2O3 19.8 18.4 28.2  Glass/Fe2O3 21.2 4.1 50.5 
         
         
Average Na Diffusion into Iron Matrix 
(µm) 
 Average Ca Diffusion into Iron Matrix 
(µm) 
 650° C 675° C 700° C   650° C 675° C 700° C 
Fe/Glass 0.0 0.0 0.0  Fe/Glass 0.0 0.0 0.0 
Glass/FeO 7.9 0.0 0.0  Glass/FeO 0.0 0.0 0.0 
Fe3O4/Glass 9.9 0.0 9.9  Fe3O4/Glass 1.4 0.0 11.5 




Table 48 Average Diffusion of Fe, Si, Na, Ca in Iron-Synthetic Melt Glass Diffusion Couples in Argon
Average Fe Diffusion into Synthetic Glass 
Matrix (µm) 
  
Average Si Diffusion into Iron Matrix 
(µm) 
  650° C 675° C 700° C     650° C 675° C 700° C 
Fe/Glass 10.0 30.2 100.8  Fe/Glass 0.4 0.0 0.0 
Glass/FeO 23.4 27.3 51.1   Glass/FeO 2.0 9.6 5.1 
Fe3O4/Glass 24.9 33.7 54.7  Fe3O4/Glass 1.2 12.4 1.4 
Glass/Fe2O3 11.1 26.1 64.7   Glass/Fe2O3 3.7 24.1 7.6 
         
                  
Average Na Diffusion into Iron Matrix 
(µm) 
 Average Ca Diffusion into Iron Matrix 
(µm) 
  650° C 675° C 700° C     650° C 675° C 700° C 
Fe/Glass 0.0 0.0 0.0  Fe/Glass 0.0 0.0 0.0 
Glass/FeO 2.0 9.6 17.3   Glass/FeO 2.0 6.3 3.5 
Fe3O4/Glass 0.8 8.3 9.0  Fe3O4/Glass 0.8 6.6 0.0 
Glass/Fe2O3 3.7 8.4 9.1   Glass/Fe2O3 2.2 13.1 0.7 
 
Table 49 Average Diffusion of Fe, Si, Na, Ca in Iron-Synthetic Urban Melt Glass Diffusion Couples in Argon 
Average Fe Diffusion into Synthetic Urban Glass 
Matrix (µm) 
  
Average Si Diffusion into Iron Matrix 
(µm) 
  650° C 675° C 700° C     650° C 675° C 700° C 
Fe/Glass 30.9 104.8 12.5  Fe/Glass 0.0 71.4 0.0 
Glass/FeO 32.6 3.1 32.2   Glass/FeO 1.0 75.5 0.0 
Fe3O4/Glass 17.3 10.0 20.9  Fe3O4/Glass 0.0 5.6 3.4 
Glass/Fe2O3 17.6 2.8 23.3   Glass/Fe2O3 6.3 11.8 6.4 
         
                  
Average Na Diffusion into Iron Matrix  Average Ca Diffusion into Iron Matrix 
(µm) (µm) 
  650° C 675° C 700° C     650° C 675° C 700° C 
Fe/Glass 0.0 0.0 0.0  Fe/Glass 0.0 0.0 0.0 
Glass/FeO 2.7 6.1 0.0   Glass/FeO 1.0 8.2 0.0 
Fe3O4/Glass 1.6 0.0 0.0  Fe3O4/Glass 0.0 0.0 3.4 




Table 50 Average Diffusion of Fe, Si, Na, Ca in Iron-Synthetic Melt Glass Diffusion Couples in 5% H in Argon
Average Fe Diffusion into Synthetic Melt Glass 
Matrix (µm) 
  
Average Si Diffusion into Iron Matrix 
(µm) 
  650° C 675° C 700° C     650° C 675° C 700° C 
Fe/Glass 32.8 13.0 12.3  Fe/Glass 33.6 608.1 28.0 
Glass/FeO 20.0 2.4 22.0   Glass/FeO 6.9 1086.0 5.4 
Fe3O4/Glass 2.7 0.0 19.4  Fe3O4/Glass 10.7 126.8 4.6 
Glass/Fe2O3 20.1 0 12.3   Glass/Fe2O3 1.1 59.4 10.6 
         
                  
Average Na Diffusion into Iron Matrix  Average Ca Diffusion into Iron Matrix 
(µm)  (µm) 
  650° C 675° C 700° C     650° C 675° C 700° C 
Fe/Glass 7.7 0.0 0.0  Fe/Glass 0.0 1.59 1.14 
Glass/FeO 2.2 0.0 0.6   Glass/FeO 2.56 0.0 1.29 
Fe3O4/Glass 8.2 2.2 0.0  Fe3O4/Glass 3.46 10.25 0.0 
Glass/Fe2O3 8.5 0.0 6.85   Glass/Fe2O3 4.2 13.34 4.37 
 
Table 51 Average Diffusion of Fe, Si, Na, Ca in Iron-Synthetic Urban Melt Glass Diffusion Couples in 5% H 
Average Fe Diffusion into Synthetic Urban Glass 
Matrix (µm) 
 Average Si Diffusion into Iron Matrix 
(µm) 
 








Fe/Glass 60.56 122.86 13.55  Fe/Glass 8.99 870.57 7.93 
Glass/FeO 61.50 126.61 10.27 
 
Glass/FeO 123.55 269.38 4.62 
Fe3O4/Glass 24.74 28.26 23.29  
Fe3O4/Glas
s 
17.77 16.99 5.14 




30.91 13.54 12.67 
         
         
Average Na Diffusion into Iron Matrix 
 (µm) 
 Average Ca Diffusion into Iron 
Matrix (µm) 
 








Fe/Glass 0.84 3.06 1.25  Fe/Glass 0.84 3.06 9.25 
Glass/FeO 56.57 225.82 1.54 
 
Glass/FeO 0.00 0.00 0.00 
Fe3O4/Glass 13.82 15.20 16.78  
Fe3O4/Glas
s 
0.00 16.19 0.00 








Table 52 Average Diffusion of U, Si, Na, Ca in Uranium-Synthetic Melt Glass Diffusion Couples in Air 
Average U Diffusion into Synthetic Glass 
Matrix (µm) 
  
Average Si Diffusion into Uranium Matrix 
(µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/Glass 3.6 2.7 0.0  U/Glass 31.5 14.7 0.0 
Glass/UO2  0.0 0.0 0.0   Glass/UO2  0.0 17.9 18.5 
UO3/Glass 5.1 0.0 4.2  UO3/Glass 46.7 12.5 3.2 
Glass/U3O8 2.5 0.0 7.1   Glass/U3O8 37.4 0.0 19.2 
         
                  
Average Na Diffusion into Uranium Matrix  Average Ca Diffusion into Uranium Matrix 
(µm)  (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/Glass 11.3 21.5 4.0  U/Glass 0.0 19.0 0.0 
Glass/UO2  0.0 0.0 4.4   Glass/UO2  1.5 12.8 0.0 
UO3/Glass 5.1 5.3 3.2  UO3/Glass 0.0 5.3 3.2 
Glass/U3O8 4.6 3.6 19.5   Glass/U3O8 7.5 3.6 0.0 
  
Table 53 Average Diffusion of U, Si, Na, Ca in Uranium-Synthetic Urban Melt Glass Diffusion Couples in Air 
Average U Diffusion into Synthetic Urban Glass 
Matrix (µm) 
  
Average Si Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 0.0 3.8 52.8  U/UMG 3.1 0.0 10.0 
UMG/UO2  1.4 0.0 0.0   UMG/UO2  8.8 22.3 62.4 
UO3/UMG 10.9 0.7 97.5  UO3/UMG 2.9 0.7 4.9 
UMG/U3O8 1.0 7.9 11.5   UMG/U3O8 0.0 1.7 13.9 
         
                  
Average Na Diffusion into Uranium Matrix (µm)  
Average Ca Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 0.0 0.0 0.0  U/UMG 0.0 0.0 0.0 
UMG/UO2  1.8 2.1 1.6   UMG/UO2  0.6 26.3 35.9 
UO3/UMG 7.4 0.7 0.0  UO3/UMG 2.4 4.4 4.9 
UMG/U3O8 0.0 0.8 5.2   UMG/U3O8 0.0 0.8 0.0 
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Table 54 Average Diffusion of U, Si, Na, Ca in Uranium-Synthetic Melt Glass Diffusion Couples in Argon
Average U Diffusion into Synthetic Glass 
Matrix (µm) 
  
Average Si Diffusion into Uranium Matrix 
(µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/Glass 12.3 8.5 0.0  U/ Glass 202.5 0.0 7.4 
Glass /UO2  0.0 6.6 0.0   Glass /UO2  10.6 14.9 44.6 
UO3/ Glass 8.7 12.9 1.8  UO3/ Glass 13.1 2.4 37.0 
Glass /U3O8 0.0 0.0 0.0   Glass /U3O8 14.7 36.2 79.2 
         
                  
Average Na Diffusion into Uranium Matrix 
(µm) 
 Average Ca Diffusion into Uranium Matrix 
(µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/ Glass 0.0 0.0 2.5  U/ Glass 0.0 0.0 2.5 
Glass /UO2  0.0 11.6 4.1   Glass /UO2  16.0 0.0 4.1 
UO3/ Glass 0.0 2.4 13.7  UO3/ Glass 0.0 0.0 10.9 
Glass /U3O8 9.8 31.9 35.3   Glass /U3O8 0.0 4.4 0.0 
 
Table 55 Average Diffusion of U, Si, Na, Ca in Uranium-Synthetic Urban Melt Glass Diffusion Couples in Argon 
Average U Diffusion into Synthetic Urban Glass 
Matrix (µm) 
  
Average Si Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 0.0 87.0 15.4  U/UMG 0.0 10.9 3.4 
UMG/UO2  0.0 0.0 0.9   UMG/UO2  10.3 0.0 7.6 
UO3/UMG 0.0 18.8 3.9  UO3/UMG 26.5 17.1 2.7 
UMG/U3O8 10.4 0.0 0.0   UMG/U3O8 0.0 32.7 5.2 
         
                  
Average Na Diffusion into Uranium Matrix (µm)  
Average Ca Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 0.0 22.2 0.0  U/UMG 0.0 10.6 0.0 
UMG/UO2  3.8 4.8 1.0   UMG/UO2  2.8 6.9 4.9 
UO3/UMG 0.0 0.0 4.0  UO3/UMG 26.5 11.3 0.0 




Table 56 Average Diffusion of U, Si, Na, Ca in Uranium-Synthetic Melt Glass Diffusion Couples in 5% Hydrogen in 
Argon 
Average U Diffusion into Synthetic Glass 
Matrix (µm) 
  
Average Si Diffusion into Uranium Matrix 
(µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/Glass 122.0 38.6 19.5  U/ Glass 112.3 80.6 13.9 
Glass /UO2  25.2 0.0 0.0   Glass /UO2  31.1 58.9 28.9 
UO3/ Glass 3.1 0.0 2.6  UO3/ Glass 29.4 76.7 24.5 
Glass /U3O8 0.0 1.1 0.0   Glass /U3O8 14.1 23.0 25.3 
         
                  
Average Na Diffusion into Uranium Matrix 
(µm) 
 Average Ca Diffusion into Uranium Matrix 
(µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/ Glass 0.0 27.9 0.0  U/ Glass 122.0 92.5 0.4 
Glass /UO2  0.0 61.7 9.8   Glass /UO2  60.4 73.9 3.5 
UO3/ Glass 19.9 61.5 2.9  UO3/ Glass 9.2 122.4 6.1 
Glass /U3O8 8.7 8.4 6.1   Glass /U3O8 45.9 14.8 0.0 
 
Table 57 Average Diffusion of U, Si, Na, Ca in Uranium-Synthetic Urban Melt Glass Diffusion Couples in 5% Hydrogen 
in Argon 
Average U Diffusion into Synthetic Urban 
Glass Matrix (µm) 
  
Average Si Diffusion into Uranium Matrix 
(µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 100.9 9.8 7.2  U/UMG 22.8 119.9 26.3 
UMG/UO2  34.0 0.0 0.0   UMG/UO2  10.9 46.0 41.5 
UO3/UMG 0.0 65.9 17.8  UO3/UMG 41.3 35.6 10.0 
UMG/U3O8 30.4 32.2 0.0   UMG/U3O8 90.4 27.5 24.5 
         
                  
Average Na Diffusion into Uranium 
Matrix (µm) 
 Average Ca Diffusion into Uranium 
Matrix (µm) 
  700° C 725° C 750° C     700° C 725° C 750° C 
U/UMG 58.8 15.5 10.3  U/UMG 19.1 106.8 20.2 
UMG/UO2  0.0 7.8 6.8   UMG/UO2  0.0 53.3 25.0 
UO3/UMG 0.0 3.4 1.5  UO3/UMG 0.0 6.3 6.3 
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